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In this thesis, the carrier signal injection methods are in focus for the sensorless control of 
permanent magnet synchronous machines (PMSMs), utilising alternative types of carrier 
responses, i.e., the carrier current and zero sequence carrier voltage, respectively. 
For the carrier current sensing based carrier signal injection methods, this study 
investigates the combined effects of signal processing delays and HF resistance, which 
generates large position estimation errors. Accordingly, a new compensation strategy by 
modifying the phase angle of the demodulation signal is proposed. The influence of machine 
parameter asymmetries on the conventional carrier injection methods is also investigated. The 
2nd harmonic position estimation errors will arise due to the asymmetries. To mitigate the 
resistance asymmetry, the selection of the proper injection frequency is discussed. Besides, a 
new dual frequency injection strategy is also proposed for inductance asymmetry suppression. 
Furthermore, a novel carrier signal injection strategy with zero sequence carrier voltage 
sensing is proposed. This injection strategy is performed on the estimated reference frame, 
anti-rotating at twice the estimated electrical speed of the rotor. It combines the synergies of 
both the zero sequence method (i.e., high bandwidth and stability) and the pulsating injection 
(i.e., high accuracy and fast dynamic response). Then, the proposed anti-rotating injection 
strategy is further applied for the square-wave signal injection. The anti-rotating square-wave 
injection with zero sequence voltage sensing can also integrate the merits of both zero 
sequence voltage sensing and square-wave injection.  
In addition, magnetic polarity identification using the zero sequence voltage responses is 
also performed. The amplitude variation-based polarity detection method using the zero 
sequence voltage has a higher detection sensitivity than the conventional method using the 
carrier current. The secondary harmonic based detection method using the zero sequence 
voltage has the advantages of simple signal demodulation, fast response, and a large signal-
to-noise (S/N) ratio. Considering that the secondary harmonics of the zero sequence voltage 
contain the actual magnetic polarity information and have less distortion, they are directly 
utilised to estimate the rotor position. This removes the time-consuming process of the 
polarity detection, and enhances the robustness and stability of the estimation. 
The final part of the thesis presents full comparisons for the different carrier signal 
injection methods with alternative types of carrier responses sensing. The influence of signal 
processing delays, the cross-coupling magnetic saturation effects, inverter nonlinearity effects, 
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BHF Flux density at carrier injection frequency 
BLF Flux density at fundamental frequency 
fe Fundamental frequency 
fh Injection frequency 
ia Phase A current 
ib Phase B current 
ic Phase C current 
idh D-axis HF carrier current 
Ipos Carrier current response after signal demodulation in the positive sequence frame 
iqh Q-axis HF carrier current 
Iα Carrier current response after signal demodulation in α-axis  
iαh Carrier current in α-axis 
Iβ Carrier current response  after signal demodulation in β-axis 
iβh Carrier current in β-axis 
L0 DC component of phase self-inductance 
L2 2
nd harmonic component of phase self-inductance 
L4 4
th harmonic of phase inductance 
Laa Phase A self-inductance 
Lavg Average inductance 
Lbb Phase B self-inductance 
Lc 2
nd harmonic self-inductance for cross-coupling saturation effect 
Lcc Phase C self-inductance 
Ld Incremental d-axis inductance 




th harmonic inductive saliency 
Ldq Incremental d-/q-axis mutual inductance 
Lfh+fe HF inductance harmonic at the frequency of (fh+fe) 
Lfh-fe HF inductance harmonic at the frequency of (fh-fe) 
Lq Incremental q-axis inductance 
M0 DC component of mutual self-inductance 
M2 2
nd harmonic component of mutual self-inductance 
Mab/Mba Mutual inductance between Phases A and B  
Mac/Mca Mutual inductance between Phases A and C  
Mbc/Mcb Mutual inductance between Phases B and C  
Mc 2
nd harmonic mutual-inductance for cross-coupling saturation effect 
N Number of turns per phase 
ra Resistance of Phase A 
ravg Average resistance 
rb Resistance of Phase B 
rc Resistance of Phase C 
rd D-axis HF resistance 
rdif Half of the difference of  d-axis and q-axis resistances 
rdif-k The k
th harmonic resistive saliency 
rdq D-/q-axis  HF mutual resistance 
rq Q-axis HF resistance 
U Injection amplitude 
UAN Phase A voltage to the machine neutral point N 
UAO Phase A voltage to the capacitor mid-point O 
UAR Phase A voltage to the resistor network central point R 
UBN Phase B voltage to the machine neutral point N 
UBO Phase B voltage to the capacitor mid-point O 
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UBR Phase B voltage to the resistor network central point R 
UCN Phase C voltage to the machine neutral point N 
UCO Phase C voltage to the capacitor mid-point O 
UCR Phase C voltage to the resistor network central point R 
udh D-axis HF carrier voltage 
uqh Q-axis HF carrier voltage 
URN Zero sequence voltage from resistor network central point R to neutral point N 
uRN-sum Zero sequence voltage response after signal demodulation  
URNα Zero sequence voltage response in α-axis after signal demodulation  
URNβ Zero sequence voltage response in β-axis after signal demodulation 
URO Voltage from resistor network central point R to the capacitor mid-point O 
γneg Negative sequence current distortion ratio due to inverter nonlinearity 
γq Estimated q-axis distortion ratio due to inverter nonlinearity 
γzeq Zero sequence voltage distortion ratio due to inverter nonlinearity 
Δiαh Differentiation of  α-axis carrier current 
Δiβh Differentiation of  β-axis carrier current 
ΔL Asymmetry in self-inductance 
ΔM Asymmetry in mutual-inductance 
δq/neg Relative distortion ratio of estimated q-axis current to negative sequence current 
δr Phase angle due to resistance asymmetry 
Δudh D-axis distorted voltage due to inverter nonlinearity 
Δuqh Q-axis distorted voltage due to inverter nonlinearity 
δzeq/neg Relative distortion ratio of zero sequence voltage to negative sequence current 
Δθ Position estimation error 
θe Actual rotor position in electrical period 
θm Phase shift due to dq-axis inductance 




nd harmonic phase shift in self-inductance for cross-coupling  saturation effect 
θs2 2
nd harmonic phase shift in mutual-inductance for cross-coupling saturation effect 
θs3 Zero sequence voltage phase shift for cross-coupling saturation effect 
μ0 Permeability of the air 
μr Relative permeability 
μr_a Average relative permeability in Phase A flux path 
μr_b Average relative permeability in Phase B flux path 
μr_c Average relative permeability in Phase C flux path 
φ Phase shift in carrier current response 
φd Phase shift due to signal processing delay 
φLk Phase shift in the k
th harmonic inductive saliency 
φrk Phase shift in the k
th harmonic resistive saliency 
ΨA Flux-linkage of Phase A 
ωh Injection angular frequency 
 Carrier voltage injected in d2-axis for anti-rotating injection 
 Carrier voltage injected in q2-axis for anti-rotating injection 
 HF carrier voltage in the estimated synchronous d-axis 
 HF carrier voltage in the estimated synchronous q-axis 
∆  Distorted voltage due to inverter nonlinearity 
^  Total inductive saliency 
^  HF carrier current in the estimated synchronous d-axis 
 Dm-axis current in the 45
o shift estimated reference frame  
^  HF carrier current in the estimated synchronous q-axis 
 Qm-axis current in the estimated synchronous reference frame with 45
o shift 
^  Total resistive saliency 





|H| Amplitude of flux-intensity 
|idh| D-axis carrier current amplitude 
|U2nd| Secondary harmonic amplitude of zero sequence voltage  
|uRN| Zero sequence voltage amplitude 




AC Alternating current 
BLAC Brushless AC 
BLDC Brushless DC 
BPF Band-pass-filter 
DC Direct current 
EKF Extended Kalman filter 
EMF Electromotive force 
FE Finite element 
FP Frozen permeability 
HF High frequency 
HPF High-pass-filter 
INFORM Indirect flux detection by on-line reactance measurements 
IPM Interior permanent magnet 
LPF Low-pass-filter 
MRAS Model reference adaptive system 
MMF Magneto-motive force 
PI Proportional integral 
PLL Phase locked loop 
PM Permanent magnet 
PMSMs Permanent magnet synchronous machines 
PWM Pulse width modulation 
S/N Signal-to-noise  
SMO Sliding mode observer 
SPM Surface-mounted permanent magnet 
SRFF Synchronous reference frame filter 
SVPWM Space vector pulse width modulation 
THD Total harmonic distortion 
VC Vector control 




1 General Introduction 
1.1 Introduction 
In recent decades, electrical machines have been applied into many new fields, e.g., 
electrical vehicles, aircrafts, and more. Accordingly, higher requirements are now demanded 
of electrical machine systems, hence electrical machines should offer excellent performance 
in terms of high torque and power density, high efficiency, high reliability, and so on 
[ZHU07]. Among the various types of electrical machines, permanent magnet synchronous 
machines (PMSMs) have been widely employed due to their significantly higher torque 
density and efficiency, and hence, the weight and size of PMSMs are significantly reduced, 
compared to the conventional dc and induction machines. On the other hand, with the 
developments of power electronics and high precision digital controllers, the machine drive 
techniques have also been greatly improved with higher efficiency and reliability. The topic 
of PM machine drives has therefore been an appealing area for academic research in recent 
years. 
For high performance control of PMSMs, accurate rotor position information is essentially 
required. In general, the rotor position is obtained by a precise sensor, such as Hall sensor, 
encoder, and resolver, which is normally installed on the rotor shaft, as shown in Fig. 1.1(a). 
Clearly, this will require additional volume and cost, as well as presenting noise problems 
and related reliability issues. Besides, the working capability of these position sensors is also 
limited under extremely harsh conditions (e.g., high temperature, high pressure, etc.). 
To eliminate the need for position sensors, position sensorless (self-sensing) control 
techniques have been researched for many years (see Fig. 1.1(b)). The basic idea of 
sensorless control is to estimate the rotor position from certain machine parameter or variable 
(e.g., phase back-EMF, saliency inductance, etc.), which contain the actual rotor position 
information [ACA06]. Accordingly, in order to track these machine parameters, the machine 
terminal voltages/currents are normally utilised for the online estimation, based on the PM 
machine mathematical model. 
In this chapter, the alternative PM machine topologies will be introduced first, followed by 
the state-of-the-art sensorless control techniques. Lastly, the scope of the research and the 




(a) Sensored mode 
 
(b) Sensorless mode 
Fig. 1.1 PM machine control system in senored/sensorless modes. 
1.2 Categories of Permanent Magnet Synchronous Machines Topologies 
Within the last few decades, there has been much research into the various aspects of 
PMSMs. The different classifications for the PM machines are summarized in Fig. 1.2 
[CHE99] [ZHU07]. Specifically, in Fig. 1.2, from the type of air-gap fields, the PM machines 
can be divided into the radial-field, axial-field, transverse-flux, and hybrid-fields machines, 
respectively. Compared to the radial-field PM machines, the axial-field and transverse-flux 
PM machines can have higher torque and power density [SIT01] [GUO06] [LIU16]. The 
complex manufacturing processes restrict the further applications of the axial-field and 
transverse-flux PM machines, however. Then, in terms of stator winding configurations, the 
PM machines can be mainly grouped into two categories: the fractional-slot machine with the 




















with the overlapping distributed windings in (Fig. 1.3(b)). Compared to the distributed 
windings, the concentrated windings have the advantages of shorter end-windings and a 
higher slot packing factor, leading to the reduction of total machine mass and copper losses, 
[ISH06] [ZHU07] [REF10]. Consequently, the machine’s overall efficiency and torque 
density are improved. However, compared to the integral-slot machines, the fractional-slot 
PM machines suffer from the high contents of stator magneto-motive force (MMF) 
harmonics, which could cause increased PM eddy current losses, localised magnetic 
saturation, acoustic noises and vibrations, etc., [WAN14a] [DAJ14]. To reduce the MMF 
harmonics for the fractional-slot PM machine, considerable research on the multilayer 
windings, two slot-pitches windings, multiphase machines, etc., has been performed in recent 
years [ALB13] [WAN14a] [DAJ11] [LEV08] [CHE16a]. 
 




(a) Non-overlapping Windings (b) Overlapping Windings 
Fig. 1.3 Various winding configurations for the PM machines. 
On the other hand, the rotor structures of PM machines can be mainly classified into four 
types: (a) surface-mounted PM, (b) inset PM, (c) interior circumferential PM, and (d) interior 
radial PM, as shown in Fig. 1.4(a)-(d), respectively. Among these PM machines, the surface-
mounted PM (SPM) machine is the most widely used topology. The SPM machine has the 
advantages of a simple structure and low manufacturing cost. Moreover, the magnet shape 
can be easily optimised to incorporate more sinusoidal-distributed flux density in the air-gap 
[WAN14b]. However, on the other hand, due to direct exposure to the armature reaction field, 
the magnets may suffer from irreversible demagnetization risk [ZHU07]. Compared to the 
SPM machine, the inset PM machine has considerable rotor saliency due to the high 
permeability iron steels between the PMs, (Fig. 1.4(b)). Accordingly, it can utilise the 
reluctance torque to increase the torque density. In contrast, the other two interior PM (IPM) 
structures, (Fig. 1.4(c)-(d)), have the merits of high rotor saliency, good flux-weakening 
capability, and low risk of PM demagnetization. Furthermore, the circumferential IPM rotor 
structure in Fig. 1.4(c) can also easily realise the flux focusing effects, resulting in increased 
air-gap flux density. There are drawbacks to the IPM machines, however. The leakage flux 










(a) Surface-mounted PM (b) Inset PM 
  
(c) Interior circumferential PM (d) Interior radial PM 
Fig. 1.4 Various rotor PM structures for PM machines. 
Then, with the rotation of the rotor PMs, the back-EMF in the stator windings can be 
generated. The PM machines can be also classified according to their type of back-EMF 
waveforms as brushless DC (BLDC) machines with trapezoidal phase back-EMF, and 
brushless AC (BLAC) machines with sinusoidal phase back-EMF (Fig. 1.5(a)-(b)). Normally, 
BLDC machines are fed by square-wave currents (e.g., 120o) as shown in Fig. 1.5(a), to 
produce the smooth electromagnetic torque. However, practically, due to the current 
distortions during the commutation, the torque pulsations may still exist in the BLDC 
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machines [JAH96]. Besides, due to the rich harmonics in the back-EMF and input square-
wave currents, the iron and PM losses may be very large in the BLDC machines. In contrast, 
BLAC machines fed by sinusoidal currents can also generate a smooth torque output, while 
the resultant PM losses are expected to be small. Additionally, the control strategy for BLAC 
machines can easily realize the constant power operation based on the dq-axis theory 
[ZHU07]. The BLAC control system will be focused in this thesis. 
 
(a) Brushless DC machine 
 
(b) Brushless AC machine 
Fig. 1.5 Phase currents and back-EMFs for Brushless DC and AC machines. 
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1.3 Sensorless Control of Permanent Magnet Synchronous Machines 
Several types of PM machine topologies were introduced in the previous section. For the 
high performance control of these PM machines, obtaining accurate rotor position 
information is vital. As mentioned in section 1.1, the position sensors increase the cost and 
volume of the system, and reduce its reliability, etc. To overcome these issues, sensorless 
(self-sensing) control strategies have been investigated as an alternative for PM machines. 
Generally, for PM machines operating in BLAC/BLDC modes, the main sensorless control 
methods can be categorized as the back-EMF/flux-linkage (fundamental model) based and 
machine saliency based techniques, as demonstrated in Fig. 1.6, [BET14]. Clearly, this is due 
to either the phase back-EMF or saliency inductance/resistance varying with the rotor 
position. Then, by tracking these rotor-position-dependent machine parameters, the online 
rotor position estimation can be realised. 
 
Fig. 1.6 Summary of sensorless control methods for PM machines. 
Back-EMF based sensorless methods can produce excellent position estimation 
performances in the middle- and high-speed region [MOR02] [LI07] [CHE03]. However, 
since the back-EMF amplitudes are proportional to the rotor speed, the signal-to-noise (S/N) 
ratio for the back-EMF signals will significantly deteriorate in the low-speed region. 
Alternatively, machine saliency based position estimation methods can perform well in the 
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low-speed and even zero-speed regions. This is due to the saliency amplitude (e.g., saliency 
inductance amplitude) not being related to the rotor speed. Then, with additional signals 
superimposed on the fundamental excitations and interacted with the saliency at zero- and 
low-speed, the rotor-position-dependent responses can be generated and then used for the 
online position estimation [JAN95] [SCH96] [RAU07] [LEI11] [BRI11]. Saliency based 
position estimation methods may be also degraded at higher rotor speed, however, due to 
disturbance from the back-EMF signals, voltage margin issues, etc. These two major types of 
sensorless control methods will be specifically illustrated in the following sections. 
1.3.1 Back-EMF/flux-linkage based sensorless methods 
As shown in Fig. 1.5, the machine back-EMF varies with the rotor position. The position 
information can therefore be obtained by estimating the back-EMF/flux-linkage signals. 
Normally, the open-loop calculation or closed-loop observers can be utilised to track these 
back-EMF signals. Besides, based on the fundamental model, the adaptive observers, e.g., the 
extended Kalman filter (EKF), and the model reference adaptive system (MRAS), etc., can be 
also directly utilised for the rotor position/speed estimation.  
1.3.1.1 Fundamental back-EMF based sensorless control methods 
Firstly, for the non-salient PM machines, the mathematical model in the synchronous 
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 (1.1) 
where rs is the phase resistance, L is the inductance, ωe is the rotor electrical angular speed, p 
is the differential operator, Ψpm is the PM flux-linkage, ud and uq are the d- and q-axis 
voltages, id and iq are the d- and q-axis currents, respectively. However, since the actual d- 
and q-axes are unknown in the sensorless control mode, the mathematical model in the 
estimated d-/q-axis frame should be deduced instead. Accordingly, with the transformation of 
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 (1.2) 
From (1.2), only the back-EMF due to the PM excitation (ωeΨpm) contains the rotor 
position information for the non-salient PM machine. Then, according to (1.1)-(1.2), the rotor 
position can be estimated from the voltage difference between the reference voltage and the 
model-predicted voltage [MAT96] [LEE15]. It is noted, however, that the above model 
cannot be applied to the salient pole machine, because not only the back-EMF and also the 
saliency inductance contain the rotor position information. Alternatively, the extended back-
EMF method can be used for the sensorless control of salient pole machines [MOR02] 
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 (1.3) 
where Eex presents the extended back-EMF, and can be expressed as 
( ) ( )ex e pm e d q d q d qE L L i p L L i       (1.4) 
Thus, based on (1.3)-(1.4), the rotor position estimation for the salient pole machine can be 
also realised. The extended back-EMF based method can be further improved by considering 
the cross-coupling magnetic saturation effects [LI07].  
Although the open-loop calculation for the back-EMF signals is simple and easy to 
implement, the drawback is that it is easily affected by the uncertainty of machine parameters 
[LEE15]. Alternatively, the close-loop observers can be utilised for the more precise 
estimation of the back-EMF signals. By way of example, as shown in Fig. 1.7(a), the 
disturbance observer has been used for the back-EMF estimation, which has proven effective 
for the sensorless control [SEN95] [CHE03] [PAR14] [XIA16]. The sliding-mode based 
back-EMF observer is also presented as an alternative, as shown in Fig. 1.7(b) [CHI09] 
[WAN14] [KIM11] [SON16], having the advantages of simple structure, the immunity to the 





(a) Disturbance observer based 
 
(b) Sliding-mode observer based 
Fig. 1.7 Close-loop back-EMF observers for the rotor position estimation. 
1.3.1.2 Third harmonic back-EMF based sensorless control methods 
It is not just the fundamental back-EMF in the positive sequence frame that contains the 
rotor position information. The 3rd harmonic back-EMF in the zero sequence frame can be 
also used to estimate rotor position [MOR96] [SHE04] [LIU14a]. In Fig. 1.8, the 3rd 
harmonic back-EMF can be obtained from the resistor central point R to the machine neutral 
point N. The relationships between the fundamental and 3rd harmonic back-EMFs with the 
rotor position variation are shown in Fig. 1.9.  
Then, with the integration of the 3rd harmonic back-EMF, the zero-crossing points of the 
3rd harmonic flux-linkage can be detected to determine the commutation instants for the 
BLDC machines [SHE04]. For the BLAC operation, the continuous rotor position can be also 
obtained with the integration of the estimated rotor speed [SHE06] [LIU14a]. However, due 
to the estimated speed being calculated using two adjacent zero-crossing points, and not 
being fast enough to reflect the change in the actual rotor speed, the dynamic sensorless 
performance is deteriorated [LIU14a]. Accordingly, the continuous 3rd harmonic signal rather 














position estimation errors, as shown in Fig. 1.10 [LIU14a]. 
Compared to the fundamental back-EMF sensorless methods, the 3rd harmonic back-EMF 
method is relatively simple and potentially low-cost to implement, not relied on the machine 
parameters, less sensitive to the distortions, etc. It also has several drawbacks, however, such 
as (a) the PM machine should be non-salient type, (b) access to the machine’s neutral point is 
required, and (c) the PM machine should contain the 3rd harmonic back-EMF, [SHE06]. 
 
Fig. 1.8 Measurement of 3rd harmonic back-EMF of PM machines. 
 








Fig. 1.10 Compensation for speed estimation error under dynamic conditions for 3rd 
harmonic back-EMF based sensorless control. 
1.3.1.3 Flux-linkage based sensorless control methods 
Alternatively, the flux-linkage in the machine fundamental model can be also used for the 
rotor position estimation of PM machines [WU91] [HU98] [SHE02] [PEL10], as shown in 
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where ψsα, ψsβ, isα, isβ, usα, usβ are the stator flux-linkages, currents and voltages in the α- and 
β-axes, respectively. Normally, the stator voltages in (1.5) can adopt the reference voltages, 
which do, however, suffer from inverter nonlinearity effects, e.g., dead time, voltage drop of 
the power switches, switching delay, etc., [HAR00] [TER01] [PEL10]. Accordingly, with the 
offline measurements or the self-commissioning procedures, the inverter nonlinearity effects 
can be suppressed for online rotor position estimation, as shown in Fig. 1.12 [PEL10]. 
Besides, it is also noted that the open-loop calculation for the flux-linkages in (1.5) is also 
easily affected by the stator resistance variations and integration drift [WU91] [SHE02]. To 
improve these issues, several close-loop observation methods for the flux-linkage are also 




Fig. 1.11 Flux-linkage phasor diagram for the PM machines. 
 
Fig. 1.12 Compensation of inverter nonlinearity effects for flux observer sensorless method. 
However, the conventional flux observer based sensorless method cannot be applied to the 
salient pole PM machines. Accordingly, similar to the extended back-EMF method, the active 
flux method is presented to transform the salient pole machine to a non-salient pole 
counterpart [BOL09] [ZHA15]. Specifically, the active flux can be described as 
( )ad pm d q dL L i     (1.6) 
where Ψ  is the active flux, Ψpm is the PM flux-linkage, Ld and Lq are the apparent d- and q-
axis inductances, id is the d-axis current, respectively. With (1.6), the mathematical model in 
the rotor reference frame can be re-described as 
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( ) ( ) as e q e du r i s j L i s j      
  
 (1.7) 
where u and i are the complex voltage and current vectors, ωe is the electrical angular 
frequency, respectively. From (1.7), the salient pole PM machine model has become the non-
salient type. Besides, the active flux position is the same as the rotor PM flux position, which 
therefore can greatly simplify the estimation of rotor position and speed [BOL09]. In order to 
obtain the active flux, from Fig. 1.13, it can be described as 
a
d s q sL i  
    (1.8) 
From (1.8), the active flux can be easily obtained in the stationary reference frame, and 
then the rotor position and speed can be estimated based on the arctangent operation [BOL09]. 
 
Fig. 1.13 Active flux phasor diagram for the salient PM machines. 
1.3.1.4 Other observer based sensorless methods 
Besides, based on the PM machine mathematical model, the adaptive observers, e.g., the 
EKF and MRAS, etc., are also utilized for the estimation of rotor position and speed [LEV02] 
[BAE03a] [QUA14] [PII08] [GAD10] [VER14]. These adaptive observers are shown to have 
the merits of fast convergence, good robustness, insensitivity to machine parameter variations, 
etc.  
By way of example, the basic idea of the MRAS based sensorless method is to utilise one 
adjustable model to track the reference model. The estimation errors between the two models 
will then be used for the correction of the adjustable model. When the adjustable model 
















then be obtained [BAE03b] [GAD10]. One specific example for the MRAS based sensorless 
method, as shown in Fig. 1.14 [BAE03b], is to use the output from the d-axis current 
controller as the input estimation error signal. In Fig. 1.14, the feed-forward voltage uds_ff 
predicted from the adjustable model can be described as 
_
ˆ
ds ff s d s e qu r i L i   (1.9) 
Then, the actual applied voltage in the reference model, i.e., the d-axis voltage command 
∗ , can be described as 
_ sin( )ds ff s d s e q e pmu r i L i       (1.10) 
The estimation error Δud between the above two models can thus be expressed as 
d e pmu      (1.11) 
Then, with the position observer in Fig. 1.14, the estimated rotor position and speed can be 
obtained. 
 
Fig. 1.14 Sensorless vector control based on MRAS method. 
1.3.2 Saliency based sensorless methods 
The back-EMF/flux-linkage based sensorless methods presented above offer excellent 
performances in the middle- and high-speed regions. However, they lose the effectiveness for 
rotor position estimation at standstill and in low-speed regions due to the significantly 
reduced signal amplitudes. Alternatively, the machine saliency detection based sensorless 
techniques can be employed in this operation mode, because the amplitude of the machine 
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saliency (e.g., the 2nd harmonic phase inductance) is not related to the rotor speed. 
Machine saliency can be divided into the two categories, i.e., the inductive saliency 
[KAN10] [YAN11] [GRA15] and resistive saliency [YAN12a] [GRA15]. Specifically, the 
inductive saliency is generated due to the non-uniform distribution of the airgap permeance, 
Fig. 1.15, resulting in the unequal magnetic paths for the d- and q-axis armature reactions. In 
Fig. 1.15, for certain phase, the flux-paths always change with the rotation of the salient pole, 
and consequently the phase inductance varies with the rotor position. Different from the 
back-EMF signals varying once during one electrical period, the inductance varies twice, Fig. 
1.15, due to that the armature flux paths are exactly the same when rotor stopping at either 
north-pole or south-pole. 
 
Fig. 1.15 Saliency inductance variation with rotor position. 
On the other hand, resistive saliency is generated due to the spatial variation of total eddy-
current losses, i.e., the eddy-current-reflected saliency [YAN12a]. This can be explained by 
the fact that the flux-lines penetrating the irons and PMs always vary from d-axis to q-axis, as 
shown in Fig. 1.17(a)-(b). Accordingly, the induced eddy-current losses are featured with the 
spatial variation, i.e., the resistive saliency, in Fig. 1.17 [YAN12a]. The major advantage of 
resistive saliency is that even in a non-salient SPM machine without sufficient stator 
saturation, the variations of the eddy current loss can be obtained with carrier signal 
injections [YAN12a]. However, similar to the inductive saliency, the resistive saliency also 
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undergoes two cycles during one electrical period, resulting in the uncertain magnetic 
polarity [YAN12b]. 
  
(a) Injection at d-axis  
(ia=1.0 A, ib=-0.5 A, ic=0.5 A) 
(b) Injection at q-axis  
(ia=0 A, ib=-0.866A, ic=0.866 A) 
Fig. 1.16 D-axis and q-axis armature flux distributions of the PM machine. 
Then, by exploiting these machine saliencies at standstill and in low-speed regions, the 
rotor position and speed information can be potentially obtained using high frequency (HF) 
signal excitations [JAN95] [SCH96] [RAU07] [LEI11] [BRI11]. The basic principle is that 
with the interaction between the HF excitations and machine saliency, the rotor-position-
dependent carrier responses can be generated. Then, with the appropriate signal demodulation 
and position observers, the rotor position and speed can be estimated from these carrier 
responses. Currently, there are mainly three types of HF excitations, i.e., the continuous 
carrier signal injection, transient voltage vector injection, and inherent PWM excitations, 




(a) Injection at d-axis (b) Injection at q-axis 
Fig. 1.17 Iron loss density distribution for the PM machine due to carrier signal injection. 
1.3.2.1 Continuous carrier signal injection methods 
Continuous carrier signal injection methods can be mainly classified into three types: 
rotating injection on the stationary reference frame [JAN95] [DEG98] [GAR07] [RAC08a] 
and pulsating injection on the estimated synchronous reference frame [COR98] [JAN03] 
[YOO11], and pulsating injection on the stationary reference frame [LIU14b] [CHE16c] 
[TAN16].  
Specifically, for the rotating injection method, the three phase balanced carrier voltages are 
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 (1.12) 
where uα and uβ are the injected voltages in the α- and β-axes, U is the injection amplitude, ωh 
is the injection angular frequency, respectively. Then, based on the HF injection model, the 
carrier currents can be derived as [JAN95] 
( /2) ( 2 /2)[( ) ( ) ]
2
h h ej t j t
d q d q
h d q
U
i ji L L e L L e
L L
    
  
          (1.13) 
where iα and iβ are the current responses in the α- and β-axes, Ld and Lq are the incremental d- 
and q-axis self-inductances, respectively. It is noted that the incremental inductance describes 
the ratio of the variation of flux-linkage (ΔΨ) to the current variation (Δi), i.e., ΔΨ/Δi [LI09]. 
In contrast, the apparent inductance directly describes the ratio of the flux-linkage (Ψ) to the 
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current (i), i.e., Ψ/i. From (1.13), it can be seen that the negative sequence carrier current 
contains the rotor position information [JAN95] [DEG98], and its amplitude is related to the 
machine saliency level. Accordingly, with the signal demodulation (synchronous reference 
frame filter, etc.) and rotor position observer, the rotor position and speed can be estimated 
[RAC08c]. In contrast, for the pulsating injection in the estimated synchronous reference 
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 (1.14) 
Then, the carrier current response for the pulsating injection can be obtained as (assuming 
the injection is performed at the estimated d-axis) [JAN03] 
ˆ ( )sin ( )sin(2 )
2qh d q hh d q
U




     (1.15) 
Accordingly, the estimated q-axis current response in (1.15) can be utilised for the rotor 
position estimation. The idea for the pulsating injection is that once the estimated d-axis 
aligns with the actual rotor d-axis, the estimated q-axis carrier current response in (1.15) will 
become zero, due to the natural decoupling of the actual d- and q-axes. Just by controlling the 
estimated q-axis carrier current to be zero, the estimated d-axis will hence accurately track 
the actual rotor position. Actually, the major difference between the rotating injection in (1.13) 
and the pulsating injection in (1.15) is that the former is a phase-modulation technique to 
track the saliency position, while the latter is an amplitude-modulation technique [KIM04a] 
[RAC08a] [RAC08c].  
The pulsating injection in the stationary reference frame is also proposed in [LIU14b], as 
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 (1.16) 
Then, the carrier current responses in the α- and β-axes can be derived as (assuming the 
voltage injection is performed in the α-axis) [LIU14b] 
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 (1.17) 
This type of injection method is simple to implement, and also quite reliable due to the 
injection axis being in the stationary reference frame. However, from (1.17), it requires the 
machine parameter information in the starting period, which may require the offline 
measurements and therefore increase the signal demodulation complexity. The comparisons 
for the above three types of carrier signal injection methods are given in Table 1.1[LIU13]. 
  
(a) Rotating injection (b) Pulsating injection in the estimated d-/q-
axis  
 
(a) Pulsating injection in the stationary reference frame 
Fig. 1.18 Different continuous carrier signal injection methods. 
To improve the accuracy of these carrier signal injection methods, the influences of cross-
coupling magnetic saturation [GUG06] [REI08] [LI09], inverter nonlinearity [GON11] 




























investigated. The cross-coupling magnetic saturation effects between the d- and q-axes have 
been shown to cause the phase shift in the carrier responses, resulting in the position 
estimation errors [LI09]. Accordingly, the neural network structure [REI08] or offline 
measurements [LI09] [LIU14b], etc., have been used for the online compensation and have 
shown great effectiveness. The inverter nonlinearity effects on the carrier signal injection 
methods are also investigated, and the parasitic capacitance and dead time effects are shown 
to be the two major distortion sources [GUE05] [GON11]. Various compensation techniques, 
such as the pre-compensation with online distorted voltage estimation [CHO06] or available 
datasheet parameters [SAL11], positive sequence carrier current responses [GON11], etc., 
have been utilised to suppress the inverter nonlinearity. The multiple saliency effect is 
another type of distortion for the carrier signal injection methods [DEG98] [RAC08c] 
[CHE16b]. Magnetic saturation, asymmetric distribution of three phase stator windings, and 
slotting effects, etc., will possibly contribute to the multiple saliency effects [DEG98]. 
Consequently, the machine’s spatial saliency will not be purely sinusoidal-distributed (unlike 
in Fig. 1.15). Accordingly, the offline measurements [DEG98] [BRI02], multi-signal 
injection [CHE14], adaptive notch filter [CHE16b], etc., have been utilised to decouple the 
multiple saliency effects online. Besides, in carrier signal injection based methods, the purely 
inductive model is generally employed for simplified analysis. In [REI10], the effects of the 
high-frequency resistances on saliency tracking-based sensorless control methods are also 
presented, with potential sources of errors in the estimated position due to the resistances 
being also suppressed. 
Table 1.1 Comparative Results of Different Carrier Signal Injection Strategies 
 Rotating Synchronous Pulsating Stationary Pulsating 
Reference frame Stationary Estimated synchronous Stationary 
Carrier current response Phase-modulation Amplitude-modulation Amplitude-modulation 
Stability of signal injection Good Medium Good 
Signal demodulation Medium Simple Complex 
Torque ripple Large Small Medium 




The effectiveness evaluation for the carrier signal injection methods is also investigated, 
with the use of the anisotropy ratio [GUG06] [SER12], feasible region [BIA07] [BIA15] and 
sensorless safety operation area (SSOA) [ZHU11] [LIN15], respectively. In [BIA07], the 
feasible region accounting for the machine saliency level in the dq-plane is introduced, which 
is bounded by the curve Ldif=0 (Ldif being the difference between d- and q-axis inductances). 
The effect of stator and rotor saturation on the feasible region is further investigated in 
[BIA13]. In [ZHU11], the SSOA is also proposed to define the working area in which the 
sensorless operation can be guaranteed with the consideration of practical issues, namely A/D 
resolution and signal to noise (S/N) ratio. Furthermore, the proper injection frequency and 
voltage can be selected according to the SSOA [ZHU11] [LIN15]. 
On the other hand, in terms of injected signal waveforms, carrier signal injection methods 
can be classified into sinusoidal-wave [JAN95] [JAN03] and square-wave signal injection 
[YOO11] [LEI08] [NI16]. Generally, the sinusoidal-wave signal injection strategy is easy 
and simple for implementation [JAN03]. However, due to the limited PWM switching 
frequency, the injection frequency cannot be too high, which makes the separation between 
fundamental and carrier signals very difficult, eventually resulting in limited system 
bandwidths [LIU14c] [YOO11]. In contrast, the square-wave injection strategy can adopt 
higher injection frequency, and accordingly the system bandwidths can be significantly 
enhanced because the low pass filters (LPFs) used for signal demodulation are completely 
eliminated [YOO11] [YOO14] [LIU14c]. However, the conventional square-wave injection 
methods may also have two main disadvantages. The first is that the carrier injection voltage 
needs to be much higher with the increase of injection frequency to maintain the reasonable 
signal-to-noise (S/N) ratio [SUN11] [LIU14c], while the carrier voltage is restricted to the 
available bus voltage for control [BRI01] [SUN11]. To reduce the injection voltage in square-
wave injection strategy, the additional capacitor is added to the inverter output to suppress the 
inverter nonlinearity effects [KWO15]. In [KIM16], the injected voltage magnitude is 
regulated to suppress the induced HF current ripples, and accordingly under the constraint of 
the same RMS value of the current ripple, the average injection voltage is reduced. The 
second disadvantage for the square-wave injection methods is that generally the resultant 
carrier responses used for rotor position estimation require differentiation processing (i.e., 
Δi/Δt) [YOO11] [YOO14] [XIE16], which however increases the signal demodulation 
complexity compared to conventional sinusoidal signal injection methods [RAC08c]. 
Moreover, the differentiation of the carrier current signals is sensitive to current measurement 
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noises, and consequently may result in low S/N ratio [XIE16]. To improve the S/N ratio, 
over-sampling of the carrier current signals may be suggested [XIE16]. 
Furthermore, for carrier voltage signal injection methods, it is noted that apart from the 
carrier current responses, the zero sequence voltage responses can be also used for sensorless 
control [BRI05] [GAR07] [CON06]. Measuring the zero sequence carrier voltage, as with the 
3rd harmonic back-EMF, requires a balanced resistor network and access to the machine 
neutral point are also required, as shown in Fig. 1.8. Compared to carrier current sensing 
based methods, it is found that zero sequence carrier voltage is less sensitive to injection 
distortions [BRI04] [GAR07]. Moreover, it has been observed that the system bandwidth can 
be significantly enhanced using zero sequence voltage. Consequently, position estimation 
accuracy and stability are improved [GAR07]. However, the conventional zero sequence 
carrier voltage sensing method is based on rotating signal injection [BRI05] [CON06], and 
the resultant position information signal is phase-modulated by machine saliency [BRI05]. 
Any signal processing delays (e.g., digital delay, sampling circuit delay, etc.) which affect the 
phase shift of zero sequence voltage can therefore give rise to errors in the estimated position 
[RAC08a] [RAC08c]. Additionally, as with the 3rd harmonic back-EMF method, the access 
to the machine neutral point is essentially required for the zero sequence voltage sensing 
methods [GAR07]. The comparisons between the conventional carrier current and zero 
sequence voltage sensing based sensorless techniques are summarized in Table 1.2 [BRI04] 




Table 1.2 Comparison of Different Carrier Injection Methods with Alternative Carrier 
Responses 
 
Pulsating injection with 
current sensing 
Rotating injection 
with current sensing 
Rotating injection 
with zero sequence 
voltage sensing 
Access to machine 
neutral point  
Not required Not required Required 
Bandwidth Medium Medium High 
Sensitivity to 
injection distortion 
Medium High Low 
Reliablity Medium Medium High 
Carrier response Amplitude-modulation Phase-modulation Phase-modulation 
Signal 
Demodulation 
Simple Complex Complex 
Accuracy High Medium Medium 
 
Lastly, it should be noted that although the carrier signal injection methods have shown 
great effectiveness for rotor position self-sensing, they also suffer from several issues, such as, 
losses [YAN12a] [REI11] [LIM11], noises and vibration [WAN16a] [WAN16b], torque 
ripple [LIU13], and etc. The temperature issues for carrier signal injection methods are 
investigated in [REI11], and it is found that the rotating injection has the highest increase of 
temperature due to the overall highest losses. Besides, in order to reduce the noises and 
vibrations produced by carrier signal injection, one type of pseudo-random carrier injection 
strategy is presented in [WAN16a]. Specifically, as shown in Fig. 1.19 [WAN16a], carrier 
voltages with two different frequencies are randomly injected cycle by cycle, and 
consequently the power spectrum density distribution can be extended rather than remaining 




Fig. 1.19 Pseudo-random carrier voltage injection strategy. 
1.3.2.2 Transient voltage vector injection methods 
In the zero- and low-speed region, apart from the continuous carrier signal injection 
methods, the transit voltage vector injection in the PWM periods can be also utilised for the 
machine saliency detection [ROB04] [XIE16]. To use the voltage vector injection method, 
the PWM switching patterns should be modified, so the resultant current variations can be 
detected and demodulated for rotor position estimation. By way of example, for the INFORM 
(indirect flux detection by on-line reactance measurement) method, the transient vectors are 
injected during the zero vector dwelling of the PWM as shown in Fig. 1.20 [SCH96] [ROB04] 
[XIE15]. Three pairs of voltage vectors are injected within three continuous PWM periods, 
and then the rotor position information can be obtained by demodulating the current 
variations.  
However, due to the INFORM method being performed in a very short period of time, it 
may increase the implementation complexity for the practical voltage injection and current 
sampling, etc., [XIE16]. Besides, the current response may also be sensitive to the parameter 
variations, measurement delay and noises, etc., [YOO11]. Additionally, as with the 
continuous carrier signal injection methods, the current distortions will also contribute to 
torque ripples, noises and vibrations. The double transient injection based modified INFORM 




Fig. 1.20 Transit voltage vector injection based on INFORM method. 
1.3.2.3 Inherent PWM based methods without additional signal injection 
Under normal machine operation, the voltage vectors in the inherent PWM switching 
patterns can be also directly utilised to estimate the rotor position. Inherent PWM methods do 
not need to inject any additional signals, resulting in reduced switching losses, noises, and 
torque ripples compared with continuous carrier signal injection and transit voltage vector 
injection methods [RAU07] [RAU11]. 
In [RAU07], the zero vector current derivative (ZVCD) method during one PWM period is 
used to estimate rotor position. Specifically, the current derivative of the estimated d-axis 
current during the zero vector dwelling period in Fig. 1.21 can be described as 
0 7/




q d qu u
di r
i
dt L L L

        (1.18) 
Then, from (1.18), the estimated rotor position and speed can be obtained from the 
inductive saliency information by neglecting the back-EMF signals in the zero- and low-
speed regions. Similarly, the current derivatives can be also measured from other voltage 
vectors in one PWM period to reconstruct the rotor position information [HOL05] [GAO07] 




Fig. 1.21 Zero vector current derivative method in one PWM period. 
Apart from the carrier current responses in the stationary and synchronous reference frames, 
the carrier responses in the zero sequence reference frame due to PWM excitations can be 
also utilised for rotor position estimation [LEI11] [HOL98]. In [HOL98] [IWA16], the zero 
sequence carrier voltage due to the inherent PWM is used for machine saliency tracking. It is 
noted that the zero sequence voltage sensing method due to PWM works on the same 
principle as that due to the continuous carrier signal injection [BRI05], while the major 
differences are in the implementation procedures [BRI05] [BRI04]. Alternatively, with the 
analog filter connected in the zero sequence current paths in Fig. 1.22, the zero sequence 
current responses can be also used for the rotor position estimation [LEI11]. However, the 
analog filter should be well designed to eliminate the zero sequence currents around the 
fundamental frequency (e.g., 3rd harmonic current), while leaving only the zero sequence 
responses around PWM frequency. 
 
Fig. 1.22 Zero sequence current detection based on standard SVPWM. 
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From the above analyses, the comparisons for the above saliency detection based sensorless 
strategies are summarized in Table 1.3 [GON12]. 







Implementation complexity Simple Medium Medium 
Additional injection Required Required Not Required 
Excitation frequency Low Medium High 
Dynamic response Slow Medium Fast 
Current measurement cost Low High High 
Wide speed operation Poor Medium Good 
Current sampling frequency Medium High High 
 
1.3.2.4 Magnetic polarity identification 
Although the above HF excitation methods exploiting the machine saliencies have shown 
the good effectiveness for rotor position estimation, they cannot detect the actual magnetic 
polarity. This is due to the inductive (resistive) saliency undergoing two cycles during one 
electrical period, as shown in Fig. 1.15 [GON13]. Clearly, the back-EMF based sensorless 
methods do not require any identification of magnetic polarity. Accordingly, for saliency 
detection based methods, many efforts have been taken to investigate the magnetic polarity 
detection, which can mainly be divided into transit short pulses [HOL08] [NOG98] [HAQ03] 
[WAN12], secondary current harmonics [JEO05] [KIM04b] [ZHA14] [RAC08b], and 
amplitude variation of carrier current due to saturation changes [GON13]. Among the three 
types of methods, in terms of signal-to-noise (S/N) ratio, short pulses and the amplitude 
variation based methods are superior [GON13]. The basic principle for the two types of 
methods is to apply different d-axis excitations in the estimated rotor direction. Then, by 
observing the carrier response variations produced by the changes of d-axis inductance, the 
magnetic polarity ambiguity can be cleared [GON13]. It is noted, however, that the 
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convergence for these two methods is not as fast as that of the secondary harmonic methods 
[GON13]. This is due to the secondary harmonic method not needing the further step to 
change the magnetic saturation with additional signals. However, the disadvantage for the 
secondary harmonic method is the reduced S/N ratio [JEO05] [GON13]. This can be 
improved by increasing carrier injection voltage, which does, however, increase the noises 
and vibration at the same time [JEO05]. The comparisons of the above different magnetic 
polarity identification strategies are listed in Table 1.4 [GON13]. 
Table 1.4 Comparative Results of Different Magnetic Polarity Identification Methods 





Concept complexity Simple Simple Complex 
S/N ratio High High Low 
Robustness High High Low 
Response Slow Slow Quick 
Computation burden Light Light Medium 
Integration with 
sensorless algorithm 
No Yes Yes 
1.4 Scope and Contributions of the Thesis 
In this chapter, the main sensorless control strategies for the PM machines have been 
introduced and reviewed. The research focus of this thesis is continuous carrier signal 
injection methods, utilising alternative types of carrier responses (i.e., the carrier current and 




Fig. 1.23 Research scope. 
The thesis is structured as follows. 
Chapter 2 discusses the combined effects of signal processing delay and HF resistance for 
the two conventional carrier signal injection methods, i.e., the rotating injection in the 
stationary reference frame and pulsating injection in the estimated synchronous reference 
frame. Accordingly, a new compensation strategy based on modifying the demodulation 
signal phase angle is also developed for the online compensation of the position estimation 
errors.  

































Chapter 3 investigates the influence of asymmetric machine parameters on the two 
conventional carrier signal injection methods. Errors in the position estimation due to the 
resistance and inductance asymmetries are analytically derived and compared for the rotating 
and pulsating signal injection methods. Moreover, the online compensation strategies for 
such asymmetries are also developed for the two injection methods.  
Chapter 4 proposes a novel sinusoidal-wave signal injection strategy for the rotor position 
estimation utilising the zero sequence carrier voltage response. In contrast to the conventional 
rotating injection in the stationary reference frame and pulsating injection in the estimated 
synchronous reference frame, the proposed method is injected on the estimated reference 
frame anti-rotating at twice the rotor’s estimated electrical speed. The proposed method 
combines both the synergies of zero sequence voltage sensing and pulsating injection.  
Chapter 5 proposes a novel square-wave signal injection strategy utilising the zero 
sequence carrier voltage response for the rotor position estimation. The square-wave signal is 
also injected on the estimated reference frame anti-rotating at twice the rotor’s estimated 
electrical speed. The proposed square-wave injection method will demonstrate the merits of 
both zero sequence sensing and square-wave injection.  
Chapter 6 investigates the initial rotor position estimation and magnetic polarity 
identification utilising the zero sequence carrier voltage responses. Two types of magnetic 
polarity detection methods, i.e., the amplitude variation due to saturation changing and 
secondary zero sequence carrier voltage harmonics, respectively, will be examined for the 
carrier signal injection methods.  
Chapter 7 proposes a novel position estimation method without the need for magnetic 
polarity identification, which is based on the modulated HF saliency. The mechanism of the 
modulated HF saliency containing the real magnetic polarity information will be clearly 
described, and then the carrier signal responses (secondary harmonics) from the interaction 
between the HF field and the modulated HF saliency will also be derived. Accordingly, with 
these secondary harmonic responses, the actual rotor position can be estimated without any 
ambiguity of magnetic polarity.  
Chapter 8 presents the full comparisons for the different carrier signal injection methods, 
considering alternative carrier responses. Specifically, the influence of signal processing 
delays, the cross-coupling magnetic saturation effects, inverter nonlinearity effects, multiple 
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saliency effects, and the iron and PM losses due to carrier injection, will be investigated.  
Chapter 9 summarizes the research work in this thesis and discusses potential future work 
in this area. 
The major contributions of the research work in this thesis include 
 With the analyses on the combined effects of signal processing delays and HF 
resistance, a new online compensation strategy is proposed to suppress the position 
estimation errors via tracking the phase shift due to the delays. This contribution 
has been published in [XU17a]. 
 The position estimation errors in the carrier signal injection methods due to 
machine parameter asymmetries are systematically and analytically derived. To 
suppress the position errors, guidelines for the injection frequency selection are 
provided for resistance asymmetry, while a dual frequency injection strategy is also 
presented for inductance asymmetry. This contribution has been published in 
[XU16a]. 
 A novel anti-rotating sinusoidal-wave signal injection strategy is proposed to 
combine the merits of zero sequence voltage sensing and the amplitude-modulation 
technique. This contribution has been published in [XU16b]. 
 The novel anti-rotating signal injection strategy is further applied for the square-
wave signal injection to combine the synergies of the zero sequence voltage sensing 
square-wave injection. This contribution has been published in [XU16c]. 
 Magnetic polarity identification methods using the zero sequence voltage responses 
are proposed. The amplitude variation based polarity detection method using the 
zero sequence voltage is found to have a higher detection sensitivity. Besides, for 
rotating injection, the secondary harmonic based polarity detection method using 
the zero sequence voltage has the advantages of simple signal demodulation, fast 
response, and moreover a large S/N ratio. This contribution has been published in 
[XU17b]. 
 A novel position estimation method that exploits the modulated HF saliency is 
proposed and the estimated rotor position does not have the ambiguity of magnetic 
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polarity. This contribution has been published in [XU16d]. 
 The systematic comparisons are also performed between different carrier signal 
injection methods considering alternative carrier responses. The comparative 
results provide more physical understandings about how the carrier injection 
method works and how it is affected by the nonlinear behaviours of the PM 
machine or inverter. 
It is noted that in this thesis, totally two prototype PM machines have been used for the 
experimental verifications. Specifically, a 600 W interior PM (IPM) machine is used in 
chapters 2 and 3. Then, from chapter 4 to chapter 8, a 230 W surface-mounted PM (SPM) 
machine with the access to the winding neural point is used. 




2 Carrier Signal Injection Based Sensorless Control for Permanent 
Magnet Synchronous Machines with Tolerance of Signal Processing 
Delays and High Frequency Resistances  
2.1 Introduction 
As introduced in chapter 1, the carrier signal injection methods have shown good 
effectiveness for rotor position estimation of PMSMs in the zero- and low-speed range 
[JAN95] [JAN03]. However, they suffer from several issues, e.g., losses [YAN12a] [REI11], 
noises [KOC09], voltage margin for the injection [BRI01], and moreover the limited system 
bandwidths due to the use of filters for the separation of carrier and fundamental frequency 
signals [BRI01] [GAR07] [YOO11]. Particularly, in order to improve the bandwidth issue, 
higher injection frequency is suggested for the carrier injection methods [BRI01] [SUN11], 
and then the filters for signal separation can be selected weaker leading to reduced delays 
[YOO11].  
However, the increase of carrier injection frequency is not costless since larger injection 
voltage is then required to maintain the reasonable signal amplitude for the carrier currents, 
while the injection voltage is intrinsically limited to the available voltage for machine control 
[BRI01] [SUN11]. Normally, it is the case especially for low resolution A/D occasions where 
the signal amplitude has great effect on the position estimation performances [BRI01] 
[ZHU11]. Whereas for high resolution A/D converter cases, e.g., the 16-bit A/D converter 
utilised for experiments in this chapter, several milli-ampere current sensing can be fulfilled. 
Therefore, under such cases, with the carrier voltage maintained, the injection frequency can 
be increased to some extent (>1/10 PWM switching frequency), leading to enhanced system 
bandwidths. 
However, it should be noted that when higher carrier frequency is injected, on one hand, 
signal processing delays including PWM updating delay [BAE03b] and inverter delay 
become prominent, which can significantly deteriorate the position estimation performances 
as analysed in [CUP12] [MOG13] [KOC09]. These delays can cause additional phase shift 
between the carrier voltage and current, which is originally assumed to be 90 degrees for 
purely inductive components [MOG13] [KOC09]. On the other hand, with the increase of 
injection frequency, the HF resistance components may be enlarged by the eddy-current 
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losses, etc., [WAN14e] [REI10] [YAN12a].  
Then, accordingly, with the typical signal demodulation for rotor position estimation, it will 
be shown that the useful inductive components (especially the primary inductive saliency 
component) will be reduced significantly, while the undesirable HF resistive component will 
be simultaneously enlarged due to the delay effects. Consequently, the position estimation 
performances are severely degraded at higher injection frequencies, caused by the combined 
effects of digital delay and HF resistance, particularly for the pulsating signal injection 
method. 
Since the parasitic HF resistance effect is difficult to be suppressed, the delay effect can be 
alternatively compensated to improve the position estimation performance [CUP12] [MOG13] 
[SAT11] [HA03]. In [CUP12], the look-up (LUT) table technique is utilised, which however 
requires time-consuming offline tests and furthermore takes the memory of digital controller. 
In [MOG13], for the pulsating injection, the carrier current responses in the positive and 
negative reference frame are extracted, respectively, to suppress the position errors caused by 
the delay effects. Although the method in [MOG13] shows good effectiveness, it is more 
computationally intensive compared to the classical signal demodulation method for the 
pulsating injection [RAC08c], and consequently may degrade the dynamic responses. In 
[SAT11] [HA03], the 45 degrees rotation based control strategy is utilised for the delay effect 
suppression and also has shown great effectiveness. However, since the HF resistance effect 
is not considered, the position estimation performance at higher injection frequency is 
compromised, which will also be illustrated and compared in this chapter. Besides, the 
method proposed in [SAT11] [HA03] may not be applicable for the rotating signal injection 
strategy. 
Therefore, in this chapter, firstly, the carrier signal injection methods at higher injection 
frequency will be analysed, and it will be shown that position estimation errors will become 
unacceptable due to the combined effects of HF resistance and digital delay. Then, based on 
the above analyses, a new compensation strategy utilising PI controller is proposed to 
suppress the position errors due to signal processing delay and HF resistance effects. 
Specifically, by modifying the demodulation signal phase angle, the amplitude of inductive 
saliency part used for position tracking is significantly increased while the HF resistance part 
is suppressed. Finally, the effectiveness of proposed compensation methods for the two 
carrier injection methods is verified experimentally on a prototype IPM machine.  
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The major new results of this chapter have been published in [XU17a]. 
2.2 Carrier Signal Injection Model Considering Signal Processing Delay and 
HF Resistance Effects 
Generally, the carrier signal injection method assumes the phase shift between the carrier 
voltage and current is 90 degrees for purely inductive components. However, the phase 
differences over 90 degrees are observed as shown in Fig. 2.1, which can be attributed to the 
HF resistance [REI10] [GON11] [WAN14], inverter on/off delay [GUE05] [RAC08c], PWM 
duty cycle updating delay and analog circuit delays [BAE03b] [CUP12] [MOG13], etc. By 
way of example, due to the PWM updating delay, the actual voltage applied to the windings 
may already have a delay angle with the reference injection voltage, resulting in the phase 
angle delay of carrier current as shown in Fig. 2.1. 
With the increase of carrier signal injection frequency, the additional phase shift φ will be 
significantly increased as illustrated in Fig. 2.2, from which over one sampling delay is 
clearly observed. On the other hand, the HF resistance effect will also be enlarged at higher 
injection frequencies [WAN14] [REI10]. These effects on the position estimation 
performance will be modelled and analysed as follows. 
 
Fig. 2.1 Measured phase shift between carrier voltage and current at 30 V/1 kHz injection 









































Fig. 2.2 Measured additional phase angle φ (PWM switching frequency 10 kHz). 
2.2.1 HF signal injection model 
According to [REI10], the HF model for PMSMs in the rotor d-/q-axis reference frame is 
described as 
+
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 (2.1) 
where Ld and Lq are the HF incremental d- and q-axis self-inductances, Ldq and Lqd are the d-
/q-axis mutual inductances related to magnetic cross-saturation effects, rd, rq and rdq (rqd) are 
the HF resistances in the d/q-axis plane, respectively. 
Then, with the coordinate transformation from the actual to the estimated synchronous 
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 (2.3) 
For the pulsating injection on the estimated d-/q-axis reference frame as shown in Fig. 2.3, 











Fig. 2.3 The pulsating signal injection method in the estimated synchronous reference frame. 
where U and ωh are the carrier voltage and angular frequency. According to (2.1)-(2.4), by 
considering the delay and HF resistance effects, the estimated q-axis carrier current used for 
rotor position tracking can be derived as  
ˆ {cos ( )[ sin(2 ) cos(2 )]+ sin ( )[ sin(2 )
| |
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qh h dif dq h h dif
dq
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i t r r t L
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 (2.5) 
where Ldif  is the d-/q-axis inductance difference, i.e., Ldif =(-Ld +Lq)/2, rdif is the d-/q-axis 
resistance difference, i.e., rdif =(-rd+rq)/2, and 















where ravg =(rd+rq)/2 and Lavg =(Ld +Lq)/2, respectively. In (2.7), the phase shift φ contains 
two terms, the first term of which is due to the existence of HF resistance (including stator 












delay, etc., as reported in [CUP12] [MOG13] [BAE03b]. Since higher injection frequency is 
assumed in this chapter, the resultant phase shift φ is dominated by the signal processing 
delays, i.e.,  
d   (2.8) 
Then, with the typical signal demodulation as shown in Fig. 2.4 [JAN04] [RAC08c], the 
carrier response from (2.5) can be described as 
ˆ( 2sin ) {sin [ sin(2 ) cos(2 )]+ cos [ sin(2 )
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 (2.9) 
where Iqh presents the position error signal, and then is sent to the observer for the position 
estimation, Fig. 2.4. Therefore, the signal to noise (S/N) ratio of Iqh is very important, which 
eventually determines the position tracking performances.  
Practically, as stated in [DEG98], due to the discrete nature of the windings, nonlinear 
magnetics, and manufacturing deviations, etc., the secondary and parasitic inductive 
saliencies in a PM machine arise. These secondary saliencies can be also observed in the 
measured HF resistances [YAN12a] [YAN12b] [ALB15]. Actually, it will be shown that for 
the prototype IPM machine (machine parameters are given in Table 2.1), the secondary HF 
resistive saliencies could bring about undesirable position estimation errors. Hence, with the 
consideration of the parasitic saliencies, from (2.9), Iqh actually can be described as (the 
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where rdif-0 and rdif-k present the amplitude of the dc and the k
th harmonic components for the 
d-/q-axis resistive saliencies, Ldif-0 and Ldif-k present the dc and k
th harmonic components of d-
/q-axis inductive saliencies, θe is the electrical rotor position, φrk and φLk are the phase angle 




Fig. 2.4 Signal demodulation for position estimation for the pulsating injection method. 
2.2.2 Model verification and position estimation performances at higher injection 
frequency 
In order to verify the derivation of above model in (2.10), with the aid of the machine 
encoder, the position error Δθ is kept as π/4 to amplify all the saliency signals, i.e., 
0 0
1 1
{sin [ cos( )]+ cos [ cos( )]}
| |qh dif dif k e rk h dif dif k e Lkk k
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I r r k L L k
Z
         
 
       (2.11) 
Accordingly, the spectra of Iqh of (2.11) can be measured and shown in Fig. 2.5(a)-(b) 
under different injection frequency and machine load conditions, respectively. From Fig. 2.5, 
rich harmonics arise due to the secondary inductive and resistive saliencies as expected. Due 
to the increase of phase angle φ (Fig. 2.2), the dc component of Iqh (dominated by 
‘ωhcosφLdif-0’) reduces significantly with the increased injection frequency, which well agrees 
with (2.11), Fig. 2.5. The 6th harmonic components of Iqh are also observed to have the same 
variation trends with the dc component, and therefore should be produced from the secondary 
inductive saliencies, i.e., ‘ωhcosφLdif-k’, which also reduces with the increase of angle φ due 
to the increase of injection frequency. 
Moreover, it is interesting to note that the 2nd and 3rd harmonic components of Iqh, Fig. 
2.5(a)-(b), increase with the injection frequency under no-load and load conditions, 
respectively. These harmonics can be explained by the HF resistance effect, i.e., the 
secondary resistive saliencies in (2.11). Since both the phase angle φ and rdif-k increase with 
the injection frequency, the harmonic amplitude ‘sinφrdif-k’ in (2.11) increases significantly 
with the injection frequency. It should be noted that these harmonics severely deteriorate the 
position estimation performances at higher injection frequencies, due to that the ratio of these 
secondary resistive saliencies (‘sinφrdif-k’) to the primary inductive saliency components 















(a) No load condition 
 
 (b) Load condition-75% load  
Fig. 2.5 Measured spectra of Iqh at different injection frequencies with different loads 
(U/fh=0.03V/Hz, fh is the injection frequency). 
Those disturbed harmonics of the HF resistances in the d-/q-axis reference frame can be 
explained by the asymmetry distribution in the three phase HF resistances. By way of 
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 (2.12) 
where ra, rb, rc are the three phase resistance, and θe is the electrical rotor position, 
respectively. Clearly, if ra ≠ rb ≠rc, the additional harmonic components (e.g., the 2
nd 
harmonic) in the d-/q-axis HF resistances will be generated as given in (2.10).  
Then, accordingly, the position estimation performances at higher injection frequency (1.5 
kHz) are shown in Fig. 2.6, compared to the normal injection frequency 0.5 kHz in Fig. 2.7, 
under no-load and load conditions, respectively. As expected, under different load conditions, 
the position estimation performances at 1.5 kHz are both significantly degraded compared to 
those of 0.5 kHz injection. Therefore, from the above analyses, the large oscillating position 
errors at higher injection frequencies for the pulsating signal injection have been clearly 
explained in this chapter, which actually is due to the synthesis of the delay and HF resistive 
saliency effects (the oscillating errors can also be observed in [MOG13], etc.). Besides, Fig. 
2.8 also shows the peak-to-peak position error with carrier injection frequency under different 





(a) No load 
 
 (b) Load condition-75% load  
Fig. 2.6 Position estimation performances for the pulsating signal injection at 1.5 kHz, under 










































































(a) No load 
 
 (b) Load condition-75% load  
Fig. 2.7 Position estimation performances for the pulsating signal injection at 0.5 kHz, under 











































































Fig. 2.8 Position errors (peak-to-peak) with carrier frequency for the pulsating signal 
injection under different loads.  
2.3 Proposed Error Compensation Method at Higher Injection Frequency 
From the above analyses, due to the delay and HF resistance effects, the position estimation 
performances at higher injection frequency for the pulsating signal injection method is 
severely deteriorated, which may cause instability for the control system.  
Therefore, based on the above analyses, a new compensation strategy based on tracking the 
phase shift of the carrier signals using PI regulator is proposed. The principle of the proposed 
method is that by modifying the demodulation signal phase angle, the amplitude of inductive 
saliency part used for position estimation is significantly increased while the undesirable HF 
resistance part is suppressed, which will be clearly explained as follows. The proposed 
method does not require offline measurements, and moreover keeps the advantages of 
classical signal demodulation method. Therefore, it is very easy and simple to implement, and 
furthermore significantly improves the sensorless control performance. 
Specifically, from (2.9)-(2.10), if the phase angle of the demodulation signal is changed as 
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From (2.13), if the angle φ1 can be adjusted to approximately equal the angle of φ, the 
resultant Iqh can be described as 
0
1
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Therefore, compared with (2.10), the HF resistance effects can be significantly suppressed 
in (2.14) and also the amplitude for the inductive saliency part will be greatly increased. 
Consequently, the better position estimation performance is expected. In this chapter, in order 
to track the phase shift of φ, the estimated d-axis carrier current is utilised, i.e., 
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Since the term of ‘ωhLavg’ is dominant at higher injection frequency, the resultant estimated 
d-axis carrier current response can be described as 
1 1
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Then, by controlling the Idh to be zero with PI regulator, the phase angle φ can then be 
tracked by the demodulation signal phase angle φ1, and finally the estimated q-axis carrier 
responses can be obtained as (2.14). The block diagram of the proposed compensation 
strategy for the pulsating injection is depicted in Fig. 2.9. It should be noted that since the 
added PI regulator is not in the main loop for position estimation, the system bandwidth is 
unaffected. The proposed compensation method for the pulsating injection will be verified 




Fig. 2.9 Block diagram of the proposed compensation strategy for the pulsating signal 
injection method. 
2.4 Experimental Validation 
The experiments are implemented on a dSPACE DS1006 platform to validate the proposed 
compensation method for the signal processing delay and HF resistance effects. The 
prototype PM machine (the machine parameters are given in Table 2.1) is fed by SEMIX 
71GD12E4s inverter, and the inverter switching frequency is set to 10 kHz, the same as the 
current sampling frequency. The machine phase currents are measured by the transducers 
LEM LA25-NP. The PM machine is also equipped with an incremental encoder (resolution 
of 5000 PPR) to provide the accurate rotor position for reference. The overall control scheme 
for carrier signal injection with signal processing delay compensation is shown in Fig. 2.10. 
 
Fig. 2.10 Block diagram of overall control system for carrier signal injection considering 













1( 2sin ( - ))
e
qh hLPF i t 
1( 2cos ( - ))
e






















Table 2.1 Parameters of IPM Machine Tested 
Rated voltage 158 V 
Rated current 4.0 A 
Rated power 600 W 
Rated torque 4.0 Nm 
Pole number 6  
PM flux-linkage 0.236 Wb 
Resistance 6 Ω 
d-/q-axis Inductance (@0A) 44.2/65.5 mH 
 
Fig. 2.12 (a)-(b) illustrate the steady-state position estimation performances without 
compensation, with the conventional and proposed compensation strategy for the pulsating 
signal injection, respectively. It is noted that the conventional method [SAT11] [HA03] is 
based on the demodulation of the carrier responses in the 45 deg. axis (i.e., the dm- and qm-
axes in Fig. 2.11, and the dm- and qm-axes have 45 deg. phase shift to the estimated d-axis). 
According to [SAT11], the related carrier responses can be described as 
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 (2.17) 
From (2.17), because both and  are the carrier responses with considerable large 
amplitudes, they are less sensitive to the digital delay effects, and consequently the S/N ratio 
can be improved. Then, by controlling the amplitude of  to exactly equal that of , the 




Fig. 2.11 Conventional compensation method with signal demodulation in the 45 deg. axis. 
Accordingly, the injection signals are all set as 45V and 1.5 kHz. It can be seen that at 
different load conditions, both compensation strategies have significantly improved the 
position estimation performances. However, since the HF resistance effects are not 
considered in the conventional method [SAT11] [HA03], the position estimation 
performances for the conventional method are slightly compromised compared to the 
proposed method, especially under load conditions, Fig. 2.12(b). It should be noted that the 
dc position errors caused by the cross-coupling saturation effects have been compensated 

















(a) Under no load condition (top-actual 
rotor position, second-position error before 
compensation, third-position error with 
conventional method, bottom-position error 
with proposed method) 
(b) Under 75% load condition (top-actual 
rotor position, second-position error before 
compensation, third-position error with 
conventional method, bottom-position error 
with proposed method) 
Fig. 2.12 Position error compensation for the pulsating signal injection method at higher 
injection frequency (45V/1.5kHz)-50rpm, under sensorless open-loop condition. 
The dynamic performances under step speed and step load conditions are also examined to 
further confirm the effectiveness of the proposed compensation method for the pulsating 
signal injection, Fig. 2.13-Fig. 2.14. The injected carrier signal is the same as the steady 
conditions, i.e., 45V/1.5 kHz. The step speed reference is set as 0-50-100 r/min, Fig. 2.13, 
from which it can be seen that the overall position estimation error is very small. Besides, 
good position tracking performances are also observed for the step-load conditions, Fig. 2.14. 
It is noted that the peak invariant transformation is adopted for the dq currents in the control 

































































































































Therefore, both in the steady and dynamic states, it can be seen that the proposed 
compensation method presents excellent position estimation performances at higher injection 
frequency.  
 
(a) Rotor speed 
 
 (b) Position estimation performance 


































































 (a) Q-axis current and speed 
 
 (b) Position estimation performance 
Fig. 2.14 Dynamic performances under step load condition, in sensorless mode. 
2.5 Further Discussion for Rotating Signal Injection 
The rotating signal injection at higher injection frequency is further discussed in this 
chapter. Due to different position estimation mechanisms and also the signal demodulation 
strategies [RAC08c] [KIM04a], the rotating signal injection method is not sensitive to the HF 
resistance effects compared to the pulsating injection, while it is much affected by the signal 


















































































Similarly, considering the delay and HF resistance effects, the carrier current for rotating 
signal injection as shown in Fig. 2.15 neglecting the cross-coupling effects can be derived as 
( ) 2 ( ) 2 ( )[( ) ]
| Z |
h e h e hj t j j t j j t
avg h avg dif h dif
U
i ji r j L e r e e j L e e          
           (2.18) 
Then, with the signal demodulation, the resultant carrier signal response can be expressed 
as 
(2 ) (2 )[( ) ] [ + ]
| Z |
h e ej t j j
dif h dif
U
I jI LPF i ji e r e j L e        
      (2.19) 
From (2.19), it can be seen that the phase angle φ appears as the phase shift for the resistive 
and inductive saliency signals in (2.19) for rotating signal injection, rather than the amplitude 
terms in (2.10) for pulsating signal injection. Therefore, the useful inductive saliency signal 
amplitude will not be further decreased and besides the HF resistance effects will not be 
further amplified by angle φ when higher injection frequency is employed. Consequently, the 
large oscillating error does not appear for rotating signal injection method at higher injection 
frequency, but only the average error increases due to the phase angle of the carrier responses 
being modified in (2.19). In order to verify the above analyses, both the average and 
oscillating errors for the rotating signal injection with the injection frequency are shown in 
Fig. 2.16. The peak-to-peak errors are quite small, only ~0.12 rad, and approximately 
unchanged with the increase of carrier frequency. However, the average position error 
increases significantly due to the increased phase shift of carrier signals as expected. 
In order to compensate the average position errors for rotating signal injection, similarly, 
the PI regulator based strategy can be also utilised as analysed as follows. It should be noted 
that the conventional methods in [MOG13] [SAT11] [HA03] cannot be simply applied for 
rotating injection method. Specifically, at higher injection frequency for rotating signal 
injection in (1.13), the positive sequence carrier current has approximately the same phase 
shift with the negative sequence current due to the delays. Thus, the positive sequence carrier 
current can be then processed as 
 1
( + + )
2
_ _= ( )= + cos sin| Z|
hj th
pos pos pos h avg
U
I LPF i e I jI L j
 
     

     (2.20) 
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where Ipos_β and ϕ1 are the input and output of the added PI regulator, Fig. 2.17, Δφ is the 
difference between the angle φ and φ1 , respectively. Obviously, with the PI regulator, the 
Ipos_β can be zero, i.e., Δφ=0. Then, according to Fig. 2.17, the carrier current in the negative 
sequence frame can be described as 




j t jh h
h dif
U
I LPF i e L e
   
  
     (2.21) 
Therefore, comparing to (2.19), it can be seen from (2.21) that the position errors due to the 
delay angle φ will be significantly suppressed for the rotating injection with the proposed 
compensation strategy. To simply verify the effectiveness for the proposed method, the 
position estimation performances before and after the compensation are shown in Fig. 2.18, 
under different load conditions. The carrier injection signal is the same as the pulsating 
injection, i.e., 45V/1.5 kHz. It can be clearly observed that the average error is significantly 
suppressed after the delay compensation. It is noted that under the load condition, Fig. 
2.18(b), the cross-coupling saturation effects will also cause the average errors [LI09], which 
further result in unstable sensorless control performance. Therefore, the error before any 
compensation can be only observed separately, Fig. 2.18(b). Then, further with the cross-
coupling effect compensation [LI09], the position estimation error is further reduced, as 
shown in Fig. 2.18(b). 
 













Fig. 2.16 Average and peak-to-peak position error for the rotating signal injection-no-load.  
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(a) Under no-load condition-under sensored open-loop observations 
 
 (b) Under 75% load condition-under sensored open-loop observations 
Fig. 2.18 Position error compensation for rotating signal injection at 45V/1.5 kHz injection. 
2.6 Conclusion 
The synthesis of signal processing delay and HF resistance effects can give rise to the 
oscillating position errors for the pulsating signal injection, and these errors have been shown 














































bandwidths. The PI regulator based compensation strategy has been proposed to suppress the 
position errors via tracking the phase shift due to the delays. The proposed compensation 
method is easy and simple to implement, and furthermore can significantly enhance the 
sensorless control performance. Similar theoretical analysis and compensation strategy have 
been also applied for the rotating signal injection method. All theoretical analyses and 




3 Carrier Signal Injection Based Sensorless Control for Permanent 
Magnet Synchronous Machines Considering Machine Parameter 
Asymmetries 
3.1 Introduction 
In the previous chapter, the carrier signal injection methods have shown great capability for 
rotor position estimation for the permanent magnet synchronous machines (PMSMs). 
However, currently, the investigations on carrier signal injection methods mostly assume that 
the machine parameters are symmetrical [JAN95] [JAN03] [GON11]. However, practically 
three phase unbalanced PM machines are frequently present, resulting in machine parameter 
asymmetries. Specifically, cabling, inverter or stator windings may cause resistance 
asymmetry [REI10], while inductance asymmetry may come from rough mechanical 
manufacturing, machine eccentricity, winding fault [DEG98], etc. Moreover, the influence of 
machine asymmetry on the position estimation accuracy is rarely investigated except in 
[REI10] [DEG98]. In [REI10], the phase resistance asymmetry has been considered, and it 
shows that 2nd harmonic error arises due to the resistance asymmetry. However, the detailed 
comparisons for different signal injection methods as well as the influence of inductance 
asymmetry are not discussed. In [DEG98], the authors have presented the analyses of 
stationary saliency, i.e., the inductance asymmetry, whilst the details, e.g., the analytical 
position error expressions, the comparisons for the two carrier injection methods, and 
moreover the online compensation strategies, are not given. 
Therefore, in this chapter, the detailed modelling, comparison and compensation strategies 
for machine parameter asymmetry will be fully presented for the two typical carrier injection 
methods (i.e., the rotating injection [JAN95] and the pulsating injection [JAN03]). It will be 
shown that with either phase resistance or inductance asymmetry, the 2nd harmonic position 
errors arise regardless of carrier injection methods. It should be noted that the 2nd harmonic 
errors are more difficult to suppress by the position observer bandwidth than the 6th harmonic 
errors caused by inverter nonlinearity [GUE05] [GON11] or multiple saliency effects 
[DEG98], since they are closer to the fundamental frequency. In order to suppress the 2nd 
harmonic position errors, the carrier signal selection guidelines will be given for resistance 
asymmetry. Whilst for inductance asymmetry, new online compensation strategies with dual 
frequency injection will also be presented. Finally, the theoretical analyses and compensation 
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effectiveness for machine parameter asymmetry will be confirmed by experiments on a 
prototype IPM machine. 
The major new results of this chapter have been published in [XU16a]. 
3.2 High Frequency Models with Machine Parameter Asymmetries 
Since the phase back-EMF is neglected in the carrier signal injection model [JAN95] 
[JAN03], only the phase resistance and inductance asymmetries will be considered for the 
two carrier signal injection methods, respectively. 
3.2.1 Influence of resistance asymmetry on carrier signal injection methods 
In practice, the phase resistance asymmetry may result from cabling, inverter or stator 
windings [REI10]. Based on the derivations in (2.9) in chapter 2, with the position tracking 
observer as shown in Fig. 3.1 where the asymmetry part is modelled as the disturbance, the 
















Fig. 3.1 Position tracking observer considering machine parameter asymmetry (k1 and k2 are 
the equivalent gains). 
From (3.1), since rdq and rdif in (2.12) are the 2
nd harmonic components due to phase 
resistance asymmetry, they do not generate average estimation errors but only 2nd harmonic 
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where L^ = L + L , r^ = r + r ( r^  is constant), and δr presents the phase 
angle under different resistance asymmetry conditions.  
Similarly, for the rotating signal injection, the carrier current responses from (2.18) can be 
further expressed as 
1( ) (2 ) ( ) (2 ) ( )ˆˆ[( ) ]
| Z |
h r m h r m hj t j j t j j t
avg h avg dif h dif
U
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-1(-Ldq/Ldif), respectively. Then, with signal demodulation, 
the resultant carrier signal can be expressed as 
1(2 ) (2 )ˆˆ[( ) ] [ + ]
| Z |
h r m r mj t j j
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U
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(3.4) 
Accordingly, the position estimation error for rotating injection with resistance asymmetry 
can be derived as 
1
1
ˆ sin( )+1 1
= + arctan
ˆ2 2 cos( )
dif m h dq











Similar to (3.1)-(3.2), (3.5) can be simplified as 
ˆ1 1 1







   

    
 
(3.6) 
Therefore, from the above derivations for phase resistance asymmetry in (3.2) and (3.6), it 
can be seen that the 2nd harmonic position errors arise for both carrier injection methods. 
Furthermore, from (3.1)-(3.2) and (3.5)-(3.6), it is noted that the 2nd harmonic error 
amplitudes are different for the two carriers due to different position estimation mechanisms 
and signal demodulation processes [RAC08c] [KIM04a]. Specifically, with resistance 
asymmetry, the 2nd harmonic error amplitude for pulsating injection is modulated by the 
phase ϕ, while that for rotating injection is not related to ϕ. Detailed experimental 
comparisons will be given in section 3.4.  
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3.2.2 Influence of inductance asymmetry on carrier signal injection methods 
Practically, the inductance asymmetry may originate from rough mechanical 
manufacturing, machine eccentricity, winding fault [DEG98], etc. Firstly, assuming that one 
phase self-inductance is unbalanced, the inductance matrix can be expressed as 
0 0
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(3.7) 
where ΔL presents the asymmetry part for the self-inductance. With coordinate 
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(3.8) 
Thus, with the pulsating signal injection, from (3.7)-(3.8), the carrier current neglecting 
phase resistance can be obtained as  
sin ( - ) 1 1ˆ [ sin 2 cos2 cos2 sin 2 + sin2 cos2 ]
3 3
h
qh dif dq e e
h d q
U t
i L L L L
L L
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(3.9) 
Accordingly, the position error with one phase inductance asymmetry for the pulsating 
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(3.11) 
where δL presents the phase angle under various inductance asymmetry conditions. Similarly, 
the position error with three phase inductance asymmetry for the pulsating injection can be 
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also obtained as (3.12), where ΔM presents the asymmetry part for the mutual inductances, 
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Then, for rotating signal injection, the carrier current with one phase inductance asymmetry 
can be obtained as 
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Similarly, according to (3.4)-(3.6), the position error for rotating injection can be derived as 
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Thus, from the above derivations with inductance asymmetry in (3.11)-(3.12) and (3.14)-
(3.15), it is noted that the 2nd harmonic position errors are exactly the same for the two carrier 
injection methods. Moreover, different from the resistance asymmetry in (3.2) and (3.6), the 
2nd harmonic error for inductance asymmetry is neither related to carrier injection frequency 
nor the angle ϕ as can be seen from (3.10)-(3.12) and (3.14)-(3.15). Experimental results will 
also be provided to verify the above theoretical analyses in section 3.4. 
3.3 Suppression of Oscillating Position Errors Due To Parameter Asymmetry 
In order to suppress the influence of machine parameter asymmetry, the position error 
suppression strategies are introduced in this part. For the resistance asymmetry in (3.2) and 
(3.6), it is expected that just by selecting proper carrier injection frequency, the oscillating 
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error can be largely reduced. For inductance asymmetry, the compensation strategy using 
dual frequency injection is proposed in this chapter, which will be analysed in detail as 
follows.  
3.3.1 Position error suppression for resistance asymmetry 
Firstly, for resistance asymmetry, from (3.2) and (3.6), the reasonable injection frequency 
range for carrier signals can be determined to suppress the 2nd harmonic errors. Assuming the 
























for rotating signal injection, respectively. Then, with (2.7), (3.16) can be expressed as 
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It is not easy to solve (3.18). Thus, for simplified analysis, the lower and upper limit of 
injection frequency can be determined, respectively, i.e.,  
1) Lower limit of injection frequency 
Normally, if the injection frequency is relatively low, the digital delay ϕd is negligible, 
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2) Upper limit of injection frequency 
At higher injection frequency, the digital delay ϕd is dominant while the resistance part of 
angle ϕ in (2.7) can be neglected. For simplicity, assuming that ϕd is mainly the phase shift 
caused by one-beat PWM updating delay, i.e., φd=ωh/fPWM (fPWM is the PWM switching 













where x=ωh/fpwm. Since the function tan(x)/x is a monotonic increasing function when 
0<x<π/2, the upper limit of carrier frequency can then be determined according to (3.21). 
Therefore, for the pulsating injection with resistance asymmetry, the carrier injection 
frequency cannot be selected either too large or very small, and there exists an optimal 
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From (3.23), it can be seen that the optimal injection frequency actually is determined by 
the machine parameters, which are then affected by machine load, temperature, etc. By way 
of example, based on the inductances in the dq-plane are given in Fig. 3.2, the optimal 
injection frequency at different load conditions is theoretically calculated and shown in Fig. 
3.3. It is seen that both the d- and q-axis saturations result in the increase of the optimal 




(a) D-axis inductance 
 
(b) Q-axis inductance 
 
 (c) D/q-axis mutual inductance 



























































































Fig. 3.3 Optimal injection frequency (Hz) in the dq-axis plane (fPWM=10 kHz, ravg=8Ω). 
While for rotating signal injection, the reasonable carrier frequency range from (3.17) can 













It should be noted that the carrier frequency selection principles in (3.19)-(3.24) only 
consider the asymmetric effects. Practically, other factors such as estimation bandwidths, 
noises and losses, etc. should be taken into account comprehensively [BRI01]. 
3.3.2 Position error suppression for inductance asymmetry 
On the other hand, for inductance asymmetry, online compensation strategies with dual 
frequency injection are employed in this chapter. By way of example, for rotating signal 
injection with one-phase inductance asymmetry, from (3.13), the negative sequence carrier 
































































Current limit circle 
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It is noted from (3.25) that the additional part caused by inductance asymmetry presents as 
the dc component, and the amplitude is only related to the ratio of U/ωh. Therefore, if the 
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(3.26) 
where U/ωh=U1/ωh1, the resultant negative sequence carrier currents can be obtained as 
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(3.27) 
With the signal demodulation processing, the carrier signal can be further expressed as 
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(3.29) 
Since the injected second frequency (ωh1) signal is only used for error compensation for the 
inductance asymmetry, the cut-off frequency of LPF2 can be selected much lower than that 
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Compared to (3.25), the asymmetry component in (3.31) has been largely suppressed with 
the proposed compensation strategy. It should be noted that since the added LPF2 is only 
used for the second frequency (ωh2) carrier signals, the bandwidth of the main position 
estimation loop is unaffected. The block diagram for rotating signal injection with the 
inductance asymmetry compensation is shown in Fig. 3.4. In addition, when the dual 
frequency signals are injected, the influence of injection frequency on machine inductance 
should be considered due to the eddy current effects [BIA09]. Thanks to the laminated steel, 
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the inductance variation due to different injected frequencies is negligible [BIA09], and 
therefore the derivation of (3.26)-(3.31) is reasonable theoretically.  
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(3.32) 
Accordingly, the carrier current can be expressed as 
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(3.33) 
Then, the signal demodulation as shown in Fig. 3.5 can be expressed as 
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(3.34) 
where Im presents the imaginary part of the estimated d/q-axis carrier current component. 
From the above derivations in (3.32)-(3.34), it can be seen that the asymmetry component for 
pulsating injection is also significantly suppressed with the dual frequency injection strategy 
compared to (3.9). The effectiveness for the proposed compensation strategies will be 
verified experimentally in section 3.4. 
 














Fig. 3.5 Dual frequency injection based inductance asymmetry compensation for the 
pulsating signal injection. 
3.4 Experimental Validation 
The experiments are implemented on a dSPACE platform to validate the above theoretical 
analyses. The overall control scheme with carrier signal injection is shown in Fig. 3.6. The 
main parameters of tested IPM machine are shown in Table 2.1 in chapter 2. To simulate the 
asymmetry conditions discussed in this chapter, extra phase resistances and inductances are 
connected in series to the phases of the IPM machine.  
 
Fig. 3.6 Block diagram of overall control system with carrier signal injection with 
asymmetry. 
3.4.1 Position estimation performances due to parameter asymmetry 
Firstly, with one phase +66% resistance asymmetry, the position errors for the pulsating 
and rotating injection at 330 Hz injection frequency are shown in Fig. 3.7-Fig. 3.8, 















































consistent with above theoretical derivations. Besides, it can be clearly seen that the rotating 
injection has much larger 2nd errors than pulsating injection, Fig. 3.7-Fig. 3.8. This is because 
the phase angle ϕ is very small at such carrier frequency resulting in decreased oscillating 
errors for the pulsating injection according to (3.2). Further comparisons for the two carriers 
at 330 Hz and 800 Hz injection frequency with different asymmetric resistances are shown in 
Fig. 3.9-Fig. 3.10. In Fig. 3.9, as expected, due to the modulation of phase angle ϕ, the 
oscillating errors for the pulsating injection are always smaller than those of rotating injection 
at 330 Hz. While at injection frequency 800 Hz, Fig. 3.10, since ϕ increases, the 2nd harmonic 
error is even larger than that of rotating injection under certain resistance asymmetry 
conditions. Furthermore, the 2nd harmonic position errors with + 100% one phase resistance 
asymmetry at different injection frequencies under different load conditions are also 
illustrated in Fig. 3.11, from which it can be seen that pulsating injection is more 
advantageous with the carrier frequency from 200 Hz to 800Hz due to the modulation of ϕ. 
Besides, it is noted that the 2nd harmonic errors slightly increase under load conditions. This 
can be explained by that the 2nd harmonic errors in (3.2) and (3.6) only depend on the 
machine saliency level, i.e., ^ = + , which only slightly changes because the 
reduction of Ldif with load is compensated by the increase of Ldq for the prototype IPM 
machine, Fig. 3.2. 
 
Fig. 3.7 Position errors with one phase +66% resistance asymmetry for pulsating signal 











































Fig. 3.8 Position errors with one phase +66% resistance asymmetry for rotating signal 
injection (330Hz injection). 
 
Fig. 3.9 The 2nd harmonic position errors with different resistance asymmetry for the two 





























































Fig. 3.10 The 2nd position errors with different resistance asymmetry for the two carriers with 
800 Hz injection. 
 
Fig. 3.11 The 2nd harmonic position errors with +100% phase resistance asymmetry at 
different injection frequencies with/without load. 
Then, for inductance asymmetry with added 2 mH inductance (~4% phase inductance 
asymmetry), the position errors at 500 Hz injection for the two carriers are shown in Fig. 
3.12-Fig. 3.13. It can be clearly seen that the two position errors are approximately the same 
also with 2nd harmonic oscillations. Besides, the 2nd harmonic position errors at different 










































increased errors are observed under loaded condition, which are all consistent with above 
analyses. 
 
Fig. 3.12 Position errors with ~4% self-inductance asymmetry of one phase for rotating 
signal injection (500Hz injection). 
 
Fig. 3.13 Position errors with ~4% self-inductance asymmetry of one phase for pulsating 


















































































Fig. 3.14 The 2nd harmonic position errors with ~4% self-inductance asymmetry at different 
injection frequencies with/without load. 
3.4.2 The 2nd harmonic oscillating error suppression verification 
Further, the 2nd harmonic error suppression strategies for resistance asymmetry are also 
illustrated in Fig. 3.15. In Fig. 3.15, with one phase 100% resistance asymmetry, it can be 
seen that the reasonable carrier frequency range is from 450 Hz to 850 Hz for the pulsating 
injection, and the optimal frequency in (3.23) is around 650 Hz. The difference between the 
theoretical and the actual value of the optimal frequency may originate from the measurement 
error of the machine parameters (Fig. 3.2) used for the calculations in Fig. 3.3. While for 
rotating injection, over 750 Hz carrier frequency is desirable as shown in Fig. 3.15. Therefore, 
the resistance asymmetry effects can be significantly suppressed just by selecting proper 























(a) Pulsating signal injection 
 
 (b) Rotating signal injection 
Fig. 3.15 Carrier signal selection with one phase +100% resistance asymmetry. 
On the other hand, for inductance asymmetry, with the compensation methods based on 
dual frequency injection (12V/400 Hz and 18V/600 Hz carrier signals are selected), the 
oscillating harmonic errors are significantly reduced under various load conditions for the 
two carriers, respectively, Fig. 3.16-Fig. 3.17. The spectra of these position estimation errors 
before and after the compensation are also illustrated in Fig. 3.18, from which it is observed 











































































Reasonable injection frequency range
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concluded that with the proposed strategy, the oscillating position errors due to inductance 
asymmetry can be reduced effectively under different load conditions.  
 
(a) No-load condition 
 
 (b) Load condition (Iq=4A) 













































































(a) No-load condition 
 
 (b) Load condition  (Iq=4A) 













































































(a) No-load condition 
 
 (b) Load condition 
Fig. 3.18 Spectra of position error before/after the compensation for inductance asymmetry. 
3.5 Conclusions 
This chapter has investigated the influence of asymmetric machine parameters on carrier 













































verified by experiments on a prototype IPM machine. Several conclusions can be obtained as 
follows. 
1) The 2nd harmonic position estimation errors arise due to phase asymmetry irrespective 
of injection types. 
2) The pulsating and rotating carrier injections present different amplitudes of the 2nd 
position errors for resistance asymmetry, and at normal injection frequency (~1/20 PWM 
switching frequency), pulsating injection is more advantageous than rotating injection. 
3) By selecting proper injection frequency, position errors due to resistance asymmetry 
can be largely suppressed. 
4) Position errors caused by inductance asymmetry are the same for the two injection 
methods, and moreover the error compensation strategies based on dual frequency injection 
have shown great effectiveness. 
It is noted that if the signal processing delays discussed in chapter 2 is very significant, the 
delay compensation should be adopted at the first place. Then, the asymmetry compensation 




4 Novel Sinusoidal-Wave Signal Injection Method Using Zero Sequence 
Voltage for Sensorless Control of Permanent Magnet Synchronous 
Machines 
4.1 Introduction 
In the previous chapters, for carrier voltage signal injection methods, the carrier current 
responses are normally utilised for the rotor position estimation. In this chapter, the zero 
sequence carrier voltage responses will be introduced for the position estimation. 
For the rotating injection, apart from the negative sequence carrier current, the zero 
sequence carrier voltage is also found to contain the rotor position information 
[BRI04][GAR07]. In [GAR07], in terms of signal total harmonic distortion (THD), it is found 
that zero sequence carrier voltage is less sensitive to the injection distortions compared to the 
negative sequence carrier current. Moreover, it is observed that the system bandwidth can be 
significantly enhanced by the use of zero sequence voltage and consequently position 
estimation accuracy and stability are increased [GAR07].  
However, since the conventional zero sequence voltage sensing method is based on rotating 
signal injection [BRI05] [CON06] [GAR07], the position information signal is phase-
modulated by machine saliency. Thus, any signal processing delays (e.g., digital delay, 
sampling circuit delay, etc.) which affect the phase shift of zero sequence voltage can then 
give rise to the position estimation errors [RAC08c]. Whilst in [KIM04a] [RAC08c], it is 
pointed out that the pulsating injection in the estimated synchronous reference frame is of 
high accuracy because the phase lags and phase leads caused by signal processing delays are 
approximately cancelled. Alternatively, it can be explained that the pulsating injection is 
amplitude-modulated by machine saliency and the signal processing delays mainly affect the 
amplitude rather than the phase shift of saliency position, which results in high estimation 
accuracy and robustness. Therefore, if the zero sequence carrier voltage sensing based 
sensorless control utilises pulsating injection rather than rotating injection, the resultant 
position estimation performance may be further enhanced. However, the conventional 
pulsating injection method in the estimated synchronous reference frame with zero sequence 




Thus, this chapter proposes a novel pulsating carrier signal injection strategy utilising zero 
sequence carrier voltage for the sensorless control of permanent magnet synchronous 
machines (PMSMs). Different from the commonly-used rotating injection in the stationary 
reference frame and pulsating injection in the estimated synchronous reference frame, the 
proposed method will be injected on the estimated reference frame anti-rotating at twice the 
rotor’s estimated electrical speed. Then, the position tracking will be fulfilled by controlling 
the zero sequence carrier voltage to zero. Additionally, the cross-coupling magnetic 
saturation effects for zero sequence carrier voltage sensing method will be also investigated. 
Finally, experimental results confirm all the theoretical analyses on a prototype PM machine. 
The major new results of this chapter have been published in [XU16b]. 
4.2 Conventional Carrier Signal Model with Zero Sequence Carrier Voltage Detection 
Generally, the modelling of carrier signal injection method using zero sequence voltage is 
implemented on the natural reference frame [BRI04] [BRI05]. However, the model in 
[BRI04][BRI05] does not consider the mutual-inductances between phases, which will also 
be included as follows. On the other hand, in order to measure the zero sequence carrier 
voltage, the balanced resistor network and access to the machine neutral point are required 
[BRI05], as shown in Fig. 4.1. 
 
Fig. 4.1 Zero sequence carrier voltage measurement. 
4.2.1 Zero sequence carrier voltage response for rotating signal injection 
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where UAN, UBN and UCN, ia, ib and ic are voltages and currents of phase A-C, Laa, Lbb, Lcc, 
Mab(Mba), Mac(Mca), Mbc(Mcb) are self- and mutual-inductances for phase A-C, respectively. 
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 (4.3) 
where L0, L2 are the dc and 2
nd harmonic amplitudes of self-inductances, M0,M2 are the dc 
and 2nd harmonics amplitudes of mutual-inductances, respectively. Then, for the conventional 
rotating signal injection with zero sequence voltage sensing [BRI05] [CON06], the three 





















where U and ωh are the carrier voltage and frequency. Then, as shown in Fig. 4.1, the 
relations of the voltages for machine neutral point N, the resistor network central point R and 
capacitor mid-point O can be expressed as 
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where URN is the zero sequence voltage between the network central point R and machine 
neutral point N, and URO is the voltage between the network central point R and capacitor 
mid-point O, respectively.  
 
Fig. 4.2 Rotating signal injection method in the stationary reference frame. 
It can be easily proved that URO equals zero for brushless AC operation around the injection 
frequency. To be more specific, according to Fig. 4.1, the relations of the voltages for the 
resistor network central point R, capacitor mid-point O and the point G of the dc bus can be 
expressed as 
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Then, from (4.6) and Fig. 4.1, the voltage of URO can be obtained as [SHE04] 
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By only considering the components around carrier injection frequency, UAG, UBG, and UCG 







































Therefore, with (4.8), it can be easily derived from (4.7) that URO equals zero at carrier 
injection frequency. However, it should be noted that around PWM switching frequency, the 
PWM noises in URO will be generated by the inverter [SHE04] [BRI05]. However, obviously, 
the PWM frequency noises will not affect the theoretical derivations for the zero sequence 
voltage at carrier injection frequency. 
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With (4.1)-(4.9), the zero sequence carrier voltage URN in Fig. 4.1 can be obtained as 
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From (4.10), the zero sequence carrier voltage for the conventional rotating injection 
consists of two frequency components at ωht+2θe and ωht-4θe, respectively, [BRI05][CON06]. 
Then, for the prototype PM machine with finite element (FE) simulation (Fig. 4.3), the 
incremental self- and mutual-inductances can be obtained as illustrated in Fig. 4.4. From Fig. 
4.4, since typically 2(-M0+L0) is much larger than (-2M2+L2), the first term of (4.10) is 
normally utilised for rotor position estimation [BRI05], i.e., 
2 2 0 0
2 2 2 2
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It is worth noting that the signal amplitude in (4.11) for position tracking is not related to 
the injection frequency. Thus, compared with negative sequence current where the signal 
amplitude is inversely proportional to the injection frequency, larger injection frequency can 
be employed for zero sequence voltage method leading to boosted system bandwidths, which 
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consequently increases the stability of system [GAR07].  
 
Fig. 4.3 Armature reaction flux distribution of one phase for the prototype PM machine. 
 
Fig. 4.4 Incremental self- and mutual-inductances of phase A by FE simulation. 
4.2.2 Carrier signal demodulation  
In order to obtain the position information from (4.11), the zero sequence carrier voltage is 
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(4.13) 
Then, based on (4.12)-(4.13), the estimated rotor position can be obtained with the position 
observer as shown in Fig. 4.5. 
 
Fig. 4.5 Zero sequence carrier signal demodulation for rotating injection. 
From above analyses, it can be seen that the conventional zero sequence voltage response is 
based on rotating signal injection and phase-modulated by the saliency position in (4.11) 
[BRI05]. However, as reported in [RAC08c] [CUP12], the rotating signal injection is 
sensitive to signal processing delays since the phase of saliency position can be shifted by the 
delays and consequently these delays can cause larger position estimation errors.  
In contrast, it is found that the pulsating injection in the estimated synchronous reference 
frame is more accurate and robust to these delays since the resultant carrier current response 
is amplitude-modulated by saliency position with the intrinsic cancellation of the phase shifts 
caused by signal processing delays [RAC08c] [CUP12]. Besides, the signal demodulation is 
less computationally intensive compared to that of rotating injection [RAC08c] [KIM04a]. 
Thus, it is expected that the zero sequence voltage sensing method with pulsating injection 
should be more advantageous since both the merits can be integrated. However, the 
conventional pulsating injection in the estimated synchronous reference frame using zero 
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4.2.3 Zero sequence carrier voltage response for conventional pulsating injection 
Specifically, if the conventional pulsating signal injection on the estimated synchronous 





















Fig. 4.6 Conventional pulsating signal injection method in the estimated synchronous 
reference frame. 
Similarly, with (4.1)-(4.3), (4.5)-(4.9) and (4.14), the resultant zero sequence carrier 
voltage can be obtained as 
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Then, the signal demodulation can be expressed as 
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where uRN-sum is the final position information signal. From (4.16), it can be seen that 
additional 6th harmonics having larger amplitudes arise in steady condition, which is expected 













Accordingly, with the zero sequence carrier voltage response for the conventional pulsating 
injection, the estimated rotor position and position estimation error are obtained as shown in 
Fig. 4.7. It can be clearly observed that large dc and oscillation errors arise, which states that 
the zero sequence voltage response for the conventional pulsating injection is not suitable for 
the rotor position tracking. 
 
Fig. 4.7 Position estimation with conventional pulsating signal injection in the estimated 
synchronous reference frame (4V/800 Hz). 
4.3 Proposed Novel Pulsating Injection Method Using Zero Sequence Carrier Voltage 
From the above analyses, it can be seen that the conventional pulsating injection using zero 
sequence voltage has undesirable dc and large 6th harmonic errors. In order to utilise both the 
synergies of zero sequence voltage sensing and pulsating injection, a novel carrier injection 
method is proposed in this chapter. 
4.3.1 Anti-rotating pulsating injection method with zero sequence carrier voltage 
Actually, from (4.15), it is noted that the zero sequence voltage response is modulated by 
the component of (2 + ), where 2  appears beacuse the phase inductances vary twice 
during one electrical period of time, while +  is due to that the injection axis is in the 













































injection axis is anti-rotating in the estimated reference frame, the resultant zero sequence 
response is possible to be amplitude-modulated by sin (2∆θ), which will be exactly the same 
to the carrier current response of the conventional pulsating injection, resulting in high 
accuracy [RAC08c]. 
With the above analyses, one novel carrier signal injection method is proposed as shown in 
Fig. 4.8. It can be seen that the proposed injection is performed on the q2-axis in the estimated 
reference frame, anti-rotating at twice the rotor’s estimated electrical speed. The injected 













Fig. 4.8 Novel anti-rotating pulsating signal injection strategy. 
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Similarly, with (4.1)-(4.3), (4.5)-(4.9) and (4.19), the zero sequence carrier voltage for the 
proposed injection method can be derived as  
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Then, similar to (4.10)-(4.11), the first term of (4.20) has much larger amplitude and will 
be utilised for the position estimation, i.e., 
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From (4.21), it is observed that the zero sequence voltage response for the proposed 
injection strategy is very simple. Furthermore, from (4.21), the zero sequence voltage is 
amplitude-modulated by machine saliency, and therefore, the phase shifts of saliency position 
due to signal processing delays can be approximately cancelled. Besides, compared to the 
conventional pulsating injection on the estimated synchronous reference frame in (4.16), the 
undesirable 6th harmonic amplitude is much smaller.  
Thus, it is expected that the proposed method can perfectly combine both the synergies of 
pulsating injection and zero sequence voltage sensing, i.e., high accuracy and bandwidths, 
great dynamic response and robustness, etc. as will be verified experimentally in the 
following. It should be noted that the principle of proposed position tracking is to enable the 
zero sequence voltage to be zero in the steady conditions, i.e., URN=0 when Δθ=0.  
4.3.2 Carrier signal demodulation 
To further obtain the estimated rotor position, the zero sequence voltage response in (4.21) 
for the proposed signal injection method can be processed as 
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Accordingly, the signal demodulation for the zero sequence carrier voltage of the proposed 
injection method is shown in Fig. 4.9. Due to the simpler signal response in (4.21)-(4.22), the 
signal demodulation for the proposed injection method is also much simpler than that of 
conventional rotating signal injection in Fig. 4.5. 
 
Fig. 4.9 Zero sequence carrier signal demodulation for the proposed injection method.  
4.3.3 Cross-coupling magnetic saturation effects using zero sequence voltage 
The cross-coupling magnetic saturation effects have been systematically investigated for 
the carrier current sensing based carrier signal injection methods [GUG06] [LI09] [REI08]. 
However, for the zero sequence voltage sensing based methods, the cross-coupling effects 
have not been investigated and will be discussed in detail as follows.  
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(4.24) 
where Lc and Mc represent the 2
nd harmonic amplitude of sine inductance terms in the self- 
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 (4.25) 
where Ls= L + L , Ms= L + L , θs1=arctan(-Lc/L2), and θs2=arctan(-Mc/M2). The same 
amplitude and phase shifts can be also derived for phase B and C, respectively. Then, with 
either the conventional rotating or the proposed anti-rotating pulsating injection, the zero 
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for the proposed signal injection, respectively, where θs3 presents the phase shift of the zero 
sequence carrier voltage due to the cross-coupling effect and can be derived as 
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Therefore, from (4.26) and (4.27), the position estimation errors due to the cross-coupling 
magnetic effects are exactly the same for the two injection methods with zero sequence 
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Then, in order to compensate the position errors due to cross-coupling effects, neural 
network structure [REI08] or offline measurements [LI09] [LIU14b], etc. are normally used 
for the compensation. In this chapter, similar to [LIU14b], the estimation error caused by 
cross-coupling effects is approximately proportional to the fundamental q-axis current, i.e., 
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θm≈k*iq as shown in Fig. 4.10. Thus, the measured results can be then directly employed for 
online compensation. 
 
Fig. 4.10 Measured phase shift due to cross-coupling effect with q-axis current. 
4.4 Experimental Validation 
The experiments are implemented on a dSPACE DS1006 platform to validate the proposed 
pulsating signal injection method on the prototype PM machine (machine parameters are 
shown in Table 4.1), which is fed by SEMIX 71GD12E4s inverter. The overall control block 
diagram for the proposed injection method with zero sequence voltage sensing is shown in 
Fig. 4.11 where the Id=0 control strategy is employed. The machine phase currents are 
measured by the transducers LEM LA25-NP. In order to measure the zero sequence carrier 
voltage, one balanced resistor network, one additional A/D sampling channel, the hardware 
circuit for signal conditioning, and also the access to the machine neutral point are required 
[GAR07]. Although this may increase the cost for the industrial application, on the other 
hand zero-sequence techniques provide some advantages over other methods [GAR07] 
[BRI04]. The inverter switching frequency is set to 10 kHz, and is the same as 
current/voltage sampling frequency. The PM machine is also equipped with an incremental 
encoder (resolution of 5000 PPR) to provide the accurate rotor position for reference. A 0.75-




























Fig. 4.11 Block diagram of overall control system with carrier signal injection using zero 
sequence voltage. 
Table 4.1 Parameters of Prototype PM Machine Tested 
Rated voltage 36 V 
Rated current 10 A 
Rated speed 400 rpm 
Rated torque 5.5 Nm 
Nominal phase resistance 0.32 Ω 
Pole number 10  
PM flux-linkage 70.7 mWb 
 
4.4.1 Zero sequence voltage model verification 
In order to simply verify the analyses about the zero sequence voltages with conventional 
and proposed signal injection methods, Fig. 4.12 illustrates the measured zero sequence 
carrier voltage spectra. Specifically, for the proposed method, the position error is set to π/4 
with the assistance of position sensor to maximise the zero sequence signal. Both the injected 
signal is set as 8V and 600Hz, and the fundamental frequency fe is 2.5Hz. From Fig. 4.12, it 
is observed that the zero sequence voltage components for rotating injection are primarily at 
fh+2fe and fh-4fe (242
nd and 236th), while conventional pulsating injection in the estimated 
synchronous reference frame mainly at fh±3fe (237
th and 243rd). By comparison, for the 









234th/246th) arise as illustrated in Fig. 4.12. All the measured results are in consistent with the 
theoretical analyses in (4.10), (4.15) and (4.20), respectively. 
 
Fig. 4.12 Measured zero sequence carrier voltage with different injection methods. 
Furthermore, to verify that the zero sequence voltage response with proposed injection 
method is amplitude-modulated by machine saliency, the method in [LIN14] is employed 
here, i.e., the estimated virtual position is rotating at 2 Hz while the machine rotor is locked at 
θe=0 rad. The measured zero sequence voltage response is illustrated in Fig. 4.13, which 
clearly shows that the amplitude of carrier voltage is modulated by the position difference Δθ 



























Fig. 4.13 Measured zero sequence carrier voltage with proposed injection method. 
4.4.2 Steady- and dynamic-state position estimation performances 
The steady-state sensorless control performance with proposed injection method is 
illustrated in Fig. 4.14 with q-axis current = 10 A. The injection signal is set as 4V and 800Hz 
with the rotor reference speed = 40 rpm. It can be seen that under load conditions, due to 
cross-coupling effects, there exist significant position estimation errors. Then, by the 
compensation methods as given in Fig. 4.10, better steady estimation performance can be 
ensured. Besides, it is noted from Fig. 4.14 that the noticeable 6th harmonic position error 
exists and may mainly arise from the second term of (4.10) and (4.20), and therefore the 
decoupling of the undesirable effect is important as discussed in [BRI04] [BRI05] [GAR07]. 
The initial rotor position detection with the proposed injection method is also verified and 
shown in Fig. 4.15, where the fundamental current references is set as 0 A. It can be seen that 
the actual rotor position can be quickly tracked but with the ambiguity of π, i.e., both the 
estimated rotor positions are ~0.9 rad regardless of whether the rotor stops in the north- or 
south-pole (0.86 rad or 4 rad (0.86+π)). This is exactly the same as the conventional carrier 
injection methods because the machine saliency undergoes two cycles during one electrical 
period [HAQ03] [JEO05] [GON13]. Accordingly, the methods in [HAQ03] [JEO05] 
[GON13] can be employed for the magnetic polarity identification, which however is not 
addressed in detail in this chapter. It is noted that the magnetic polarity detection performance 












































presented in chapter 6. 
The dynamic performance with proposed injection method is shown in Fig. 4.16 where the 
rotor speed reference is given as 0-50-100 rpm. The injected carrier signals are as the same as 
those in the steady state conditions. The quick dynamic response can be observed and the 
overall position errors are small with cross-coupling effects compensation.  
 
Fig. 4.14 Position estimation with and without compensation of cross-coupling effects in the 
steady state (rated load). 
 
Fig. 4.15 Initial rotor position estimation with proposed carrier injection method with zero 


















































































(a) Rotor speed and q-axis current 
 
 (b) Rotor position estimation  
Fig. 4.16 Dynamic position estimation performances under step-speed condition. 
The step load test is also implemented on the prototype machine with proposed injection 
method as shown in Fig. 4.17. Good position tracking performances are observed when q-
axis current is rapidly increased from 0.3 A to 10 A. Therefore, it can be concluded that the 

















































































(a) Rotor speed and q-axis current  
 
 (b) Rotor position estimation 
Fig. 4.17 Dynamic position estimation performances under step-load condition. 
4.4.3 Robustness and accuracy compared to conventional signal injection methods  
To further verify the robustness and accuracy of the proposed signal injection method, the 
conventional injection methods (i.e., rotating and conventional pulsating injections) with zero 
sequence voltage sensing are also performed and compared to the proposed method. 
Specifically, the sensitivity to the injection frequency and the cut-off frequency of low pass 

















































































respectively. The comparative conditions for the three injection methods are listed in Table 
4.2. 
Fig. 4.18 illustrates the position errors for three carriers with carrier injection frequencies 
ranging from 300 to 1000 Hz while the cut-off frequency of LPF is kept the same as 60 Hz. It 
can be seen that position errors for rotating and conventional pulsating injection have shown 
strong sensitivity with the injection frequency. This is due to the signal processing delays 
(PWM updating delay) introduces additional phase shifts in the carrier responses as discussed 
above. While for the proposed signal injection method, it demonstrates great robustness due 
to the amplitude-modulation by saliency as analysed above. 
Similarly, as shown in Fig. 4.19, at the same injection frequency 800 Hz, the position 
estimation errors of rotating injection are observed to vary with the cut-off frequency of LPF. 
This is due to that the rotor angular frequency causes the phase shifts of saliency position 
when being processed through LPF. In contrast, the conventional and proposed pulsating 
injection methods are not sensitive to cut-off frequency of LPF. However, it is clearly 
observed that the proposed injection method is of higher accuracy. Thus, compared to 
conventional injection methods, the proposed injection method utilising zero sequence 
voltage is more advantageous as expected.  
 

























Fig. 4.19 Position errors with sensitivity to cut-off frequency of LPF. 
 
Table 4.2 Comparison Condition for the Three Injection Methods 







60Hz 400 1000 
Conventional pulsating 60Hz 400 1000 
Proposed 60Hz 400 1000 
Fig. 4.19 
Rotating 
4V/800 Hz 10-60 Hz 
400 1000 
Conventional pulsating 400 1000 
Proposed 400 1000 
4.5 Conclusions 
In this chapter, a novel pulsating signal injection strategy utilising zero sequence carrier 
voltage is proposed for sensorless control of PMSMs. The carrier signal is injected on the 
estimated reference frame, anti-rotating at twice the rotor’s estimated electrical angular speed. 
It is found that compared to conventional zero sequence voltage sensing based injection 
methods, the proposed strategy is simpler for signal processing and less sensitive to the signal 
























Thus, it can be concluded that the proposed method is of high bandwidth and stability due 
to the use of zero sequence carrier voltage and of high accuracy and fast dynamic response 
due to pulsating injection. Furthermore, the cross-coupling effects due to magnetic saturation 
for zero sequence voltage based sensorless control are investigated and compensated. All 
theoretical analyses have been verified by experimental results on a prototype PM machine in 




5 Novel Square-Wave Signal Injection Method Using Zero Sequence 
Voltage for Sensorless Control of Permanent Magnet Synchronous 
Machines 
5.1 Introduction 
In the previous chapter 4, a novel sinusoidal-wave signal injection strategy is proposed 
utilising the zero sequence carrier voltage for sensorless control of PMSMs. Actually, for 
carrier signal injection methods, in terms of injected signal waveforms, they can be grouped 
into sinusoidal-wave [JAN95] [JAN03] and square-wave signal injection [YOO11] [HAM10] 
[YU13], respectively. Generally, the sinusoidal-wave signal injection strategy is easy and 
simple for implementation [JAN03]. However, due to the limited PWM switching frequency, 
the injection frequency cannot be too high, which makes the separation between fundamental 
and carrier signals very difficult, eventually resulting in limited system bandwidths [YOO11] 
[LIU14]. In contrast, the square-wave injection strategy can adopt higher injection frequency. 
This is due to that when the square-wave signal is discretised, only two points are required, 
while obviously much more points are needed in order to form the sinusoidal-wave signal. 
Accordingly the system bandwidths can be significantly enhanced because the low pass 
filters (LPFs) used for signal demodulation are completely eliminated [YOO11].  
However, the conventional square-wave injection methods also have two main 
disadvantages, one of which is that the carrier injection voltage needs to be much higher with 
the increase of injection frequency to maintain the reasonable signal-to-noise (S/N) ratio 
[LEI08] [SUN11], while the carrier voltage is restricted to the dc-bus voltage available for 
control [BRI01] [SUN11]. This may severely challenge the application of the square-wave 
injection strategy to some specific applications, e.g., the low bus voltage electro-mobiles, etc. 
In order to reduce the injection voltage for square-wave injection strategy, in [KWO15], 
additional capacitor is added to the inverter output to suppress the inverter nonlinearity 
effects, which however may increase the switching losses [KWO15]. Besides, in [KIM16], 
the injected voltage magnitude is regulated to suppress the induced HF current ripples, and 
accordingly under the constraint of the same RMS value of the current ripple, the average 
injection voltage is reduced. However, compared to the conventional square-wave strategy 
with fixed injection amplitude [YOO11], additional current ripple regulator is required to 




The other disadvantage for the existing square-wave injection methods is that generally the 
resultant carrier responses used for rotor position estimation require the differentiation 
processing (i.e., Δi/Δt) [YOO11] [LEI08] [LIU14c], which however increases the signal 
demodulation complexity compared to the conventional sinusoidal signal injection methods 
[JAN03] [RAC08c]. Besides, it is also noted that the differentiation of the carrier current 
signals is sensitive to current measurement noises, and consequently may result in low S/N 
ratio [XIE16].  
On the other hand, for carrier signal injection methods, the zero sequence carrier voltage 
also contains rotor position information [BRI05], as described in chapter 4. Since the zero 
sequence voltage amplitude is not related to the injection frequency, higher injection voltage 
is not required with the increase of injection frequency. Furthermore, the zero sequence 
carrier voltage is less sensitive to injection distortions from the inverter nonlinear behaviours, 
current regulators, and etc., leading to enhanced position estimation performances [GAR07]. 
Therefore, it is expected that if the square-wave injection method uses the zero sequence 
carrier voltage sensing rather than the carrier current, the resultant position estimation 
performances may be further improved. However, for the conventional square injection 
methods in the stationary or estimated synchronous reference frame, the resultant zero 
sequence carrier voltage responses deteriorate the position estimation performances as will be 
shown theoretically and experimentally in this chapter. 
Therefore, a novel square-wave carrier signal injection strategy using zero sequence carrier 
voltage for sensorless control of PMSMs is proposed in this chapter. Different from the 
conventional square-wave injection methods employed in the stationary and estimated 
synchronous reference frame, the proposed method will be injected on the estimated 
reference frame anti-rotating at twice estimated rotor electrical angular speed (i.e., the 
sinusoidal-wave injection strategy in the previous chapter is further applied to the square-
wave injection in this chapter). It will be shown that compared to the conventional square-
wave methods, the proposed strategy using zero sequence voltage has two main advantages, 
one of which is that the carrier response amplitude is not related to the injection frequency, 
i.e., higher injection voltage is not required. The other is that the carrier response does not 
need signal differentiation processing, which significantly simplifies the signal demodulation 
process and moreover increases the position estimation robustness. Finally, experimental 
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results confirm all the theoretical analyses on a prototype PM machine. 
The major new results of this chapter have been published in [XU16c]. 
5.2 Conventional Square-Wave Injection Methods 
5.2.1 Carrier current responses 
The conventional square-wave injection methods for sensorless control of PM machines 
[YOO11] [LIU14c] are employed in the stationary and estimated synchronous reference 
frames, Fig. 5.1-Fig. 5.2, both based on carrier current sampling. In Fig. 5.1-Fig. 5.2, it is 
noted that that the actual d-axis in the synchronous reference frame aligns exactly with the 
magnetic north-pole. 
According to [YOO11] [LIU14c], the carrier current responses can be described as 
cos( )cos( ) sin( )sin( )
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 (5.2) 
for the square-wave injection in the stationary reference frame, respectively, where U is the 
carrier voltage, iαh and iβh are the carrier currents in the stationary reference frame, Ldh and Lqh 
are the incremental d- and q-axis self-inductances, ΔT is the sampling interval, respectively. 
From (5.1)-(5.2), it can be seen that both carrier current responses require differentiation 
processing, i.e., Δiαh and Δiβh, which is sensitive to the current measurement noises [XIE16]. 
Moreover, since ΔT is very small at higher injection frequency, the signal amplitudes in 
(5.1)-(5.2) are very small, easily affected by nonlinear parasitic effects [KWO15] [KIM16]. 
Accordingly, the injection voltage should be increased to maintain the reasonable S/N ratio 




In contrast, the zero sequence voltage for carrier injection methods is found to have less 
injection distortions, larger S/N ratio, and moreover the signal amplitude is not related to the 
injection frequency, leading to increased available voltage for control and enhanced system 
bandwidths and stability [BRI05] [GAR07]. Therefore, if the above square-wave injection 
strategies use zero sequence carrier voltage sensing rather than the carrier current sampling, 
the position estimation performances may be further enhanced. However, unfortunately, both 
the zero sequence carrier voltage responses for the two injection methods degrade the rotor 
position estimation performances, which will be analysed in detail as follows. 
 
Fig. 5.1 Pulsating square-wave signal injection in the estimated synchronous reference frame. 
 
Fig. 5.2 Pulsating square-wave signal injection in the stationary reference frame. 
5.2.2 Zero sequence voltage responses 
Firslty, for the square-wave pulsating injection (Fig. 5.3) in the estimated synchronous 
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 (5.3) 
where U is the carrier voltage. Considering the Fourier series of a square-wave signal, (5.3) 


















Then, with the coordinate transformation, from Fig. 5.1, the three phase injection voltages 
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Then, based on (4.1)-(4.3), (4.5)-(4.7), (4.9), and (5.3)-(5.5) the zero sequence carrier 
voltage URN as shown in Fig. 4.3Fig. 4.1 can be obtained as 
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   (5.6) 
It is very interesting to see from (5.6) that the zero sequence carrier response for square-
wave injection is still modulated by the square-wave signal, while the carrier current is 
modulated by the triangular wave signal [YOO11] [YOO14] [KIM16] [LIU14c]. 
Consequently, the signal differentiation calculation required in the current-sensing based 
square-wave injection methods is not needed for the zero sequence voltage sensing based 




Fig. 5.3 Injected square-wave carrier voltage at 4 V/2.5 kHz. 
Moreover, compared to (5.1)-(5.2) where the signal amplitude is inversely proportional to 
the injection frequency [YOO11] [LIU14c], the zero sequence carrier voltage amplitude in 
(5.6) is not related to the injection frequency. Therefore, with the increase of injection 
frequency, higher injection voltage is not required, and consequently the voltage margin 
issues for the square wave injection methods can be easily met for the zero sequence voltage 
sensing strategy. 
However, as aforementioned, the zero sequence voltage in (5.6) for the conventional 
pulsating square-wave signal injection method deteriorates the position estimation 
performance. To be more specific, from (5.6), the corresponding signal demodulation is 
expressed as 
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From (5.7), it can be seen that the additional 6th harmonic (i.e. sin(2θe+4 )) having the 
same amplitude with the term of ‘sin(2Δθ)’ exists, which can severely affect the position 
estimation performance as shown in Fig. 5.4. Large oscillation errors can be observed, and it 
is very difficult to suppress these errors from the disturbance of the 6th harmonics in (5.7). 
On the other hand, for the conventional square-wave injection strategy employed in the 
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Similarly, with (4.1)-(4.3), (4.5)-(4.7), (4.9) and (5.9), the resultant zero sequence voltage 
can be calculated as 
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From (5.11), it can be seen that the undesirable 4th harmonic having the same amplitude 
with ‘sin(2Δθ)’ arises in the zero sequence carrier response, which also gives rise to larger 
oscillating errors as shown in Fig. 5.5. 
From the above analyses, although the zero sequence carrier responses are simpler for 
signal demodulation and can easily ensure the voltage margin issues, the resultant estimated 
position errors for the square-wave injections in the estimated synchronous and stationary 
reference frame are intolerable. Therefore, in this chapter, to utilise the synergies of both zero 
sequence voltage sensing and square-wave injection, a novel pulsating injection method with 




Fig. 5.4 Position estimation with 4 V/2.5 kHz square-wave injection for conventional 
pulsating injection in the estimated synchronous reference frame. 
 
Fig. 5.5 Position estimation with 4 V/2.5 kHz square-wave injection for conventional 
pulsating injection in the stationary reference frame. 
5.3 Proposed Novel Square-Wave Injection Method 
5.3.1 Improved zero sequence carrier voltage response 
As aforementioned, the conventional square-wave injection methods with zero sequence 
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harmonic disturbances. In order to improve the issue, in this chapter, a novel square-wave 
injection method with zero sequence voltage sensing is proposed as shown in Fig. 5.6. It can 
be seen that the injection strategy actually is exactly the same as that proposed in chapter 4, 
but with the different signal injection waveforms.  
Specifically, from Fig. 5.6, the proposed square-wave injection is at the q2-axis in the 
estimated reference frame, anti-rotating at twice the rotor’s estimated electrical speed. 
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Similarly, with (4.1)-(4.3), (4.5)-(4.7), (4.9) and (5.13), the zero sequence carrier voltage 
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Fig. 5.6 Proposed novel square-wave signal injection. 
Then, because typically (L0-M0) is much larger than (L2-2M2), the first term of (5.14) has 
much larger amplitude [BRI05] and therefore will be utilised for the position estimation, i.e., 
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 (5.16) 
From (5.16), it can be seen that the zero sequence carrier signal responses for the proposed 
method is amplitude-modulated by machine saliency, leading to higher estimation accuracy 
[RAC08c]. Besides, compared to the conventional square-wave injections on the estimated 
synchronous and stationary reference frame in (5.7) and (5.11), the undesirable disturbance 
components (e.g., the 4th harmonic for the stationary pulsating injection in (5.11)) do not exist 
for the proposed injection method. Thus, it is expected that the position estimation accuracy 
will be greatly enhanced. 
Furthermore, from (5.15)-(5.16), it can be seen that the zero sequence carrier voltage for 
the proposed method also keeps the advantages of the conventional square-wave injection 













accordingly the signal differentiation for rotor position estimation is not required. 
Consequently, the signal demodulation process is also much simpler, Fig. 5.7, where the 
conventional current sensing method in [YOO11] is also illustrated for the clear comparison. 
Secondly, the zero sequence voltage for the proposed method is also not related to the 
injection frequency, i.e., higher injection voltage is not required with the increased injection 
frequency, resulting in reduced noises, increased available voltage for control, etc.  
 
Fig. 5.7 Carrier signal demodulation for conventional and proposed square wave injection 
methods. 
Thus, it is expected that the proposed method can perfectly combine both the synergies of 
square-wave pulsating injection and zero sequence voltage sensing, i.e., high accuracy and 
bandwidths, increased voltage margin, great dynamic response and robustness, etc. as will be 
verified experimentally.  
5.3.2 Cross-coupling magnetic saturation effects 
Furthermore, the cross-coupling magnetic saturation effects [GUG06] [LI09] [REI08] for 
the proposed square-wave injection strategy using zero sequence voltage are also investigated 
in this part.  By considering the saturation effects, phase inductances can be expressed as 
[YAN06] 
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(5.18) 
where Lc and Mc presents the 2
nd harmonic amplitude of sine inductance terms in the self- and 
mutual-inductances, respectively. Accordingly, for the proposed square-wave injection 
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  (5.19) 
where θs3 presents the phase shift of the zero sequence carrier voltage due to the cross-
coupling effect and can be obtained as 
3
2 2
















Thus, from (4.29) in chapter 4 and (5.21), it is seen that actually the cross-coupling 
magnetic effects cause exactly the same position estimation errors regardless of signal 
injection waveforms. Accordingly, the offline measured cross-coupling correction angle in 




5.4 Experimental Validation 
The experiments are implemented on a dSPACE DS1006 platform to validate the proposed 
square-wave signal injection method on the prototype PM machine (the machine parameters 
are shown in Table 4.1 in chapter 4). The overall control diagram for the proposed square-
wave injection method with zero sequence voltage sensing is shown in Fig. 5.8.  
 
Fig. 5.8 Block diagram of overall control system with square-wave signal injection using zero 
sequence voltage. 
5.4.1 Zero sequence voltage model verification 
In order to simply verify all above analyses about the zero sequence voltages with 
conventional and proposed square-wave injection methods, Fig. 5.9 illustrates the measured 
zero sequence carrier voltage spectra (the injected square-wave signal is set as 4 V/1 kHz, 
and the fundamental frequency fe is 2.5 Hz, and only the main harmonics are illustrated). It is 
noted that in order to maximise the zero sequence signal in (5.14) for the proposed injection 
strategy, the position error is set to π/4 with the assistance of position sensor. From Fig. 5.9, it 
is observed that the zero sequence voltage components with stationary injection [LIU14c] are 
mainly at fh+2fe and fh-2fe (402
nd and 398th), while the conventional pulsating injection 
[YOO11] are primarily at fh±3fe (397
th and 403rd), respectively. By comparison, for the 
proposed square-wave injection method, the frequency components fh and fh±6fe (400
th and 
394th/406th) exist as shown in Fig. 5.9. Hence, all the measured results agree well with the 
theoretical derivations in (5.6), (5.10) and (5.14), respectively. Besides, from the measured 











and has higher S/N ratio compared to other two methods.  
 
Fig. 5.9 Measured zero sequence carrier voltage with different square-wave injection 
methods. 
Then, the spectra for the proposed square-wave injection method under different loads are 
also shown in Fig. 5.10. Considering the cross-coupling magnetic saturation effects, the 
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for Δθ=0 rad, respectively. Under no-load condition, since the cross-coupling angle θs3 is 
quite small as shown in Fig. 4.10, the measured zero sequence voltage amplitude (400th) is 
maximised in (5.22), Fig. 5.10(a), while the amplitude in (5.23) is negligible, Fig. 5.10(b). In 
contrast, with the increase of load, particularly under rated load condition (Iq=10 A), due to 
the significantly increased cross-coupling angle θs3, the amplitude in (5.23) is even larger 


























also agrees with the measured results in Fig. 4.10. Besides, it is also noted that under load 
conditions, the disturbance harmonics (e.g. 394th and 406th) in the zero sequence voltage only 
slightly increase, Fig. 5.10. 
 
(a) Δθ=π/4 rad 
 
 (b) Δθ=0 rad 
Fig. 5.10 Measured zero sequence carrier voltages for the proposed method under different 














































5.4.2 Steady- and dynamic-state position estimation performance 
The steady-state position estimation performance with the proposed square-wave injection 
method is illustrated in Fig. 5.11. The q-axis current is set as 5 A, and the injection signal is 
set as 4 V/2.5 kHz. It can be observed that under load conditions, due to the cross-coupling 
effects, there exist dc position estimation errors. Then, with the compensation information 
from Fig. 4.10, the estimation accuracy is greatly improved as shown in Fig. 5.11.  
The initial rotor position estimation with the proposed square-wave injection method is also 
performed and illustrated in Fig. 5.12. The injection signal is also set as 4 V/2.5 kHz, and the 
fundamental excitation is set as 0 A. It can be seen that when the rotor stops at 0.86 rad, the 
estimated rotor position can quickly reach ~0.9 rad showing fast tracking capability. However, 
it is also noted that when the rotor stops at 4 rad (i.e., (0.86 +π) rad), the estimated position is 
still ~0.9 rad. This is because the inherent machine saliency varies twice during one electrical 
period [GON13]. It should be noted that the magnetic polarity identification strategy will be 
specifically investigated in chapter 6. 
 
Fig. 5.11 Position estimation with and without compensation of cross-coupling effects in the 
















































Fig. 5.12 Initial rotor position estimation with proposed carrier injection method with zero 
sequence voltage sensing (top-4 rad, bottom-0.86 rad). 
The dynamic position estimation performance with proposed square-wave injection method 
is also shown in Fig. 5.13 in which the speed reference is given as 0-50-100 rpm. The 
injected carrier signals are the same with that in the steady-state conditions. The quick 
dynamic response can be observed and the overall position errors are small with cross-
coupling effects compensation.  
5.4.3 Comparison to conventional square-wave injection method with carrier current 
sensing [YOO11]  
In this section, the conventional square-wave injection method with current sensing 
[YOO11] is also implemented to compare the position estimation performances with the 
proposed square-wave injection method, Fig. 5.14. Three injection conditions have been 
considered, i.e., 2.5 kHz/4 V and  2.5 kHz/8 V injection for the conventional square-wave 
injection method [YOO11], and 2.5 kHz/4 V injection for the proposed method. In order to 
clearly illustrate the position tracking capability, the estimated position is observed in the 
sensored mode to avoid losing synchronisation [KWO15]. As can be seen from Fig. 5.14, if 
the conventional method [YOO11] is performed with only 4 V injection voltage, the position 
estimation is apparently degraded as shown in Fig. 5.14(a), losing the position tracking 
capability during the transient process. Experimentally it is found that with around twice 




































can be seen from Fig. 5.14(b) for the conventional injection method. In contrast, for the 
proposed injection method, with only 4 V injection voltage, the same stable position 
estimation performances (as the 8 V injection for the conventional method, Fig. 5.14(b)) can 
be obtained as illustrated in Fig. 5.14(c). Further, in the sensorless mode, with 2.5 kHz/8 V 
injection for the conventional method and 2.5 kHz/4 V injection for the proposed method, the 
step load tests for the two methods are also performed, as shown in Fig. 5.15-Fig. 5.16. It can 
be seen that both the two injection methods have shown good dynamic performances. 
Therefore, the available voltage margins for control, noise issues, etc. are significantly 
improved for the proposed square-wave injection method.  
 
(a) Rotor speed 
 
 (b) Rotor position estimation  

































































(a) 2.5 kHz/4 V injection-conventional pulsating injection method 
 
(b) 2.5 kHz/8 V injection-conventional pulsating injection method 
 
 (c) 2.5 kHz/4 V injection-proposed injection method 



























































































































(a) Rotor speed and q-axis current 
 
 (b) Position estimation performance 
Fig. 5.15 Step load tests for the conventional method with 2.5 kHz/8 V injection (Pos_err_aft-





















































































(a) Rotor speed and q-axis current 
 
 (b) Position estimation performance 
Fig. 5.16 Step load tests for the proposed method with 2.5 kHz/4 V injection (Pos_err_aft-
position error after cross-coupling compensation, Pos_err_bef- position error before the 
compensation). 
5.5 Conclusion 
In this chapter, a novel square-wave signal injection strategy utilising zero sequence carrier 


















































































the estimated reference frame, anti-rotating at twice the rotor’s estimated electrical speed. It 
is found that the resultant carrier response for the proposed method is simpler for signal 
demodulation, and has higher accuracy compared to the conventional square-wave methods 
with zero sequence voltage sensing. Therefore, it can be concluded that the proposed strategy 
can perfectly combine both the synergies of square-wave pulsating injection and zero 
sequence voltage sensing, i.e., high accuracy and bandwidths, increased available voltage for 
control, great dynamic response and robustness, etc. All theoretical analyses have been 






6 Improved Initial Rotor Position Estimation Using Zero Sequence 
Carrier Voltage for Permanent Magnet Synchronous Machines 
6.1 Introduction 
In the previous chapters, the carrier signal injection methods with either carrier current or 
zero sequence carrier voltage sensing have been introduced for the rotor position estimation 
of PMSMs. Although these methods have shown good effectiveness for position tracking, 
they suffer from the ambiguity of magnetic polarity [JEO05] [RAC08b] [GON13]. This is 
because these carrier injection methods are all based on the inductive saliency detection, 
while the inductive saliency undergoes two cycles during one electrical period [GON13]. 
Therefore, many papers have investigated on the magnetic polarity detection, which can be 
mainly divided into transient short pulses [NOG98] [HAQ03] [HOL08], secondary current 
harmonics [KIM04b] [JEO05] [HAR05] and amplitude variation due to saturation changing 
[GON13]. Among the three types of methods, in terms of S/N ratio, short pulses and 
amplitude variation based methods are superior to the secondary harmonic method [GON13]. 
However, the secondary current harmonic based method has faster convergence since it does 
not need to change the magnetic saturation with additional signals as the further step [JEO05] 
[HAR05] [RAC08b] [GON13].  
Currently, these existing polarity identification methods are mainly implemented with 
carrier current sampling, and the zero sequence carrier voltage based detection methods have 
not been reported. Hence, this chapter seeks to investigate whether the zero sequence carrier 
voltage can be effectively used for polarity detection for the first time and can be even more 
advantageous than current sensing based detection methods. Furthermore, it should be noted 
that if the magnetic polarity can be identified using zero sequence voltage sensing, the 
integration with the sensorless algorithms based on zero sequence voltage sensing (e.g., the 
rotating signal injection in [GAR07] and anti-rotating pulsating signal injection in chapter 4) 
can be achieved. 
Therefore, in this chapter, the initial position estimation and the magnetic polarity 
identification using zero sequence carrier voltage will be investigated for the rotating signal 
injection and anti-rotating pulsating signal injection, respectively. Two types of magnetic 
polarity detection methods, i.e., the amplitude variation of zero sequence carrier voltage due 
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to magnetic saturation changing and the secondary harmonics of zero sequence carrier 
voltage, will be presented. Modelling, implementation and effectiveness investigation for 
these polarity identification methods will be discussed and analysed in detail for the two 
carrier injection methods. It should be noted that the zero sequence voltage responses are not 
suitable for the magnetic polarity identification for the conventional pulsating injection 
method [JAN03] in the estimated synchronous reference frame, which will also be further 
discussed in the chapter. Finally, experimental results will confirm the theoretical analyses on 
a prototype PM machine. 
The major new results of this chapter have been published in [XU17b]. 
6.2 Carrier Signal Model with Zero Sequence Voltage Detection  
Firstly, the zero sequence voltage responses for the carrier signal injection methods are 
analysed, and it is then to be examined whether they can be effectively utilised for the 
magnetic polarity identification.  
According to the derivations in chapter 4, the zero sequence carrier voltage can be 
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for the proposed anti-rotating pulsating signal injection in Fig. 4.8, respectively.  
Since the mutual inductances for the prototype machine are much smaller than the self-
inductances as shown in Fig. 4.4, and also do not affect the rotor position estimation, they are 




























As analysed in the previous chapters, the advantages of zero sequence carrier voltage 
sensing based methods are that system bandwidths, estimation accuracy and stability can be 
greatly enhanced [GAR07]. Though great effectiveness using zero sequence carrier voltage 
has been shown for rotor position estimation [GAR07] [BRI05] [CON06], the ambiguity of 
magnetic polarity still exists. It can be seen from (6.3) and (6.4) that the position estimation 
error can converge at either 0 or π. To clear the ambiguity, transient short pulses [NOG98] 
[HAQ03] [HOL08], secondary harmonics [KIM04b] [JEO05] and amplitude variation due to 
saturation changing [GON13] based methods have been developed. Basically, short pulses 
and amplitude variation based methods are superior in terms of S/N ratio whilst the secondary 
harmonic based method has faster response [JEO05] [HAR05]. However, currently, most of 
these detection methods are based on carrier current sampling, and zero sequence voltage 
based method has not been reported. Thus, this chapter seeks to investigate whether zero 
sequence carrier voltage can be effective on polarity detection and whether even more 
advantageous than current sensing based detection methods. The detailed analyses for 
polarity detection using zero sequence voltage are given as follows. 
6.3 Magnetic Polarity Detection with Zero Sequence Voltage 
In this section, two types of magnetic polarity detection methods, i.e., the zero sequence 
voltage amplitude variation due to saturation changing and secondary harmonics of zero 
sequence carrier voltage, are examined for rotating and anti-rotating pulsating injection 
methods, respectively. The principles of these methods are analysed in detail as follows. 
6.3.1 Amplitude variation based magnetic polarity detection method  
The principle of amplitude variation method is based on the d-/ q-axis inductance variation 
with d-axis magnetic saturation [GON13]. Accordingly, by neglecting the mutual inductances 
in Error! Reference source not found., the d-/q-axis inductances (i.e., Ld and Lq) by 


















Thus, based on (6.5), the zero sequence carrier voltages in (6.3)-(6.4) can then be expressed 
as 








    (6.6) 
for rotating signal injection, and  








     (6.7) 
for anti-rotating pulsating injection, respectively.  
For the prototype machine, the incremental d- and q-axis inductances calculated by the 
finite element (FE) simulation are illustrated in Fig. 6.1, from which it can be seen that Ld is 
significantly changed with d-axis current (i.e., d-axis magnetic saturation) while Lq is 
approximately unchanged. Then, based on the simulated inductances in Fig. 6.1, the value of 
(Lq/Ld-Ld/Lq) related to the zero sequence voltage amplitude in (6.6)-(6.7) can be further 
calculated and is shown in Fig. 6.2. Since the zero sequence voltage amplitude which is 
proportional to (Lq/Ld-Ld/Lq) changes significantly with the magnetic saturation from Fig. 6.2, 
the magnetic polarity can be then identified with the d-axis fundamental excitation variations.  
Specifically, the amplitude of zero sequence carrier voltage can be extracted as 
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for rotating signal injection, and 
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for anti-rotating pulsating signal injection, respectively. From (6.8), for rotating signal 
injection, the estimated rotor position is required as the feedback for the signal demodulation. 
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Whilst for the anti-rotating pulsating signal injection in (6.9), the position error Δθ should be 
modified not equalling to 0/π to better indicate the amplitude variation. For simplicity, for the 
anti-rotating pulsating injection, adding π /4 to the estimated rotor position is very effective 
since the amplitude of (6.9) is then maximised. The whole process for magnet polarity 
detection consisting of 3 steps is described in detail as follows. 
 
Fig. 6.1 Incremental inductances with d-axis current based on FE analyses. 
 
Fig. 6.2 Calculated (Lq/Ld-Ld/Lq) with d-axis current. 
Step 1: For either rotating or anti-rotating pulsating injection method, the initial estimated 




































started. With the ambiguity of π, the estimated position is either on the positive or negative d-
axis. 
Step 2: With the signal processing in (6.8) or (6.9), the resultant zero sequence voltage 
amplitude is then recorded as U1 for the rotating or anti-rotating pulsating injection. 
Step 3: Referring to the estimated rotor position , the negative d-axis voltage Ud 
changing the d-axis magnetic saturation is applied and then the zero sequence voltage 
amplitude is recorded as U2.  
Finally, by comparing the values of U1 and U2, the real d-axis can be identified. 
Specifically, as shown in Fig. 6.3, if U1>U2, it states that the estimated position is in the 
positive d-axis, otherwise, additional phase shift angle π should be added. More experimental 
results will be presented in section 6.4.  
 
Fig. 6.3 Measured zero sequence voltage amplitudes with different d-axis voltages.  
Furthermore, the amplitude variation methods using the carrier current as illustrated in 
[GON13] and the zero sequence voltage as illustrated above are also compared in this section. 

























(a) D-axis current waveforms at -5A and 5A. 
 
 (b) Zero sequence voltage waveforms at -5A and 5A. 
Fig. 6.4 Measured carrier response amplitude variations with d-axis currents.  
Comparing (6.10) with (6.8)-(6.9), it can be seen that under certain injection voltage and 
frequency, the carrier current amplitude only depends on the d-axis inductance, which only 
changes ~1.9 times (from ~3.07 mH to ~1.62 mH, FEA results, Fig. 6.1) from -5A to 5A, Fig. 
6.1. By comparison, the zero sequence carrier voltage amplitude changes as much as ~18.8 
times (from ~1.18 to ~0.06) as shown Fig. 6.2. The measured carrier signal response 





































































which it can be clearly seen that the zero sequence voltage has much more significant 
variations than the carrier current. Therefore, the amplitude variation based polarity detection 
method using zero sequence voltage is more advantageous since the detection sensitivity for 
the magnetic polarity has been significantly enhanced. 
6.3.2 Secondary harmonic based polarity detection method  
The amplitude variation based polarity detection method requires the magnetic saturation to 
be changed as the further step, which means that the response for polarity detection is not as 
fast as secondary harmonic based methods [HAR05] [GON13]. However, the S/N ratio is the 
major problem for secondary harmonic method with current sampling [JEO05] [GON13]. 
Thus, in this section, alternatively, the secondary harmonic of zero sequence carrier voltage 
will be investigated to examine whether it can be utilised or even be better than the 
conventional method in [JEO05] [HAR05]. 
Firstly, the modelling of secondary harmonics is described for the rotating and anti-rotating 
pulsating injection, respectively. For rotating signal injection, it has been derived that two 
dominant HF inductance (permeance) harmonics exist, i.e., fh+fe/fh-fe (fh and fe are the carrier 
frequency and fundamental frequency), which is due to the saturation modulation between 
main flux field and HF fields [CON06]. It is noted that the detailed modelling and more in-
depth investigations for the saturation modulation effects will be given in chapter 7. 
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where θh=ωht, Lfh-fe and Lfh+fe are the (fh/fe-1)
th, (fh/fe+1)
th harmonic inductance amplitudes, 
respectively. Then, from (4.1), (4.4)-(4.9) in chapter 4, and (6.11), the secondary harmonic of 
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For better illustration, according to [JEO05], the secondary harmonics of carrier current for 
rotating signal injection are also given as 
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where k1 and k2 are the amplitudes of secondary carrier current harmonics. From (6.12)-
(6.13), it can be seen that for rotating signal injection, the secondary zero sequence carrier 
voltage harmonic is located at (2fh+fe), while the secondary carrier current harmonics are at 
(2fh-fe) and (2fh-3fe) [JEO05]. It is noted that since only one fe exists in the secondary 
harmonics, i.e., (2fh+fe) for the zero sequence voltage and (2fh-fe) for the carrier current, the 
real magnetic polarity information has been recorded, which actually is the basic reason that 
these secondary harmonics can be utilised for the polarity detection.  
To verify the carrier response expressions in (6.12)-(6.13), Fig. 6.5(a)-(b) illustrate the 
spectra of measured secondary harmonics with 8V/300 Hz injection (the fundamental 
frequency is set as 2.5 Hz). It can be seen that the 241st (2fh+fe) harmonic arises for zero 
sequence carrier voltage whilst the 239th (2fh-fe) and 237
th (2fh-3fe) harmonics exist for the 
carrier current, which are all consistent with the analyses in (6.12)-(6.13). Moreover, it is 
observed that the secondary zero sequence carrier voltage harmonics in Fig. 6.5(a) have 
considerably larger signal amplitude and less distortions compared to the carrier current 
harmonics in Fig. 6.5(b), i.e., larger S/N ratio can be obtained for the zero sequence voltage. 
Therefore, the secondary harmonic based detection method using zero sequence carrier 
voltage is superior since both the fast response and the increased S/N ratio can be obtained. 
Besides, since only one dominant frequency component (2fh+fe) exists for the zero sequence 
voltage, the signal demodulation for the polarity identification is also simpler compared to 
that of the carrier current having two dominant harmonics (2fh-fe and 2fh-3fe).  
Accordingly, from (6.12), the further signal demodulation is described as 
2
ˆ| | [ ( 2sin(2 ))] cos( )( 0)nd RN h eU LPF U t k k          (6.14) 
Thus, only by judging whether the value in (6.14) is positive or negative, the ambiguity of 
magnetic polarity can be cleared, which will be verified experimentally in the following. 
On the other hand, for the anti-rotating pulsating signal injection method, it can be 
interpreted as two rotating signal injections, i.e., one is rotating anti-clockwise at the 
frequency of + 2 , while the other is anti-rotating at − 2 , respectively. Therefore, 
similarly, due to the saturation modulation effects [CON06], four HF inductance/permeance 
harmonic components will arise, i.e., + 2 + / + 2 −  for the rotating injection at 
149 
 
frequency of + 2 , and − 2 + / − 2 −  at frequency of − 2 , 
respectively. 
 
(a) Zero sequence carrier voltage 
 
 (b) Carrier current 
Fig. 6.5 Spectra of measured secondary harmonic responses for rotating signal injection (8V 
and 300 Hz). 
Then, based on the HF inductance/permeance information, similar to (6.14), the secondary 
harmonics of zero sequence carrier voltage for the anti-rotating pulsating signal injection 
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(6.15) 
where k3 and k4 are the related secondary harmonic amplitudes. The spectrum of the 
measured secondary zero sequence carrier voltage harmonics for anti-rotating pulsating 
injection is shown in Fig. 6.6 (8V/300Hz injection, 2.5Hz fundamental frequency, no-load), 
which is in consistent with the analyses in (6.15). However, comparing with Fig. 6.5(a) for 
the conventional rotating signal injection method, it can be seen that for the anti-rotating 
pulsating injection, there exist two frequency components in (6.15) and Fig. 6.6, which can 
cause instability for magnetic polarity detection since the two components have similar 
amplitudes. To be more specific, the zero sequence responses in (6.15) for the anti-rotating 
pulsating injection method can be further demodulated as 
2 3 4
ˆ ˆ| | ( 2sin(2 3 )) cos( ) cos( 7 )nd RN h e e e eU LPF U t k k            (6.16) 
 
Fig. 6.6 Spectrum of measured secondary zero sequence carrier voltage harmonics for anti-
rotating pulsating signal injection (8V and 300 Hz). 
From (6.16), it can be seen that when the machine stops at different rotor positions, the 
resultant values of (6.16) could be different. Because k3≈k4 as can be seen from Fig. 6.6, the 
value of (6.16) may change the sign, and consequently the polarity identification capability is 
lost. Therefore, the secondary harmonic method with the zero sequence carrier voltage cannot 
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6.4 Experimental Validation 
The experiments of initial position estimation and magnetic polarity identification are 
implemented on a dSPACE platform for the prototype PM machine. The machine parameters 
of the PM machine are given in Table 4.1 in chapter 4. The overall block diagram of the 
initial rotor position estimation and magnetic polarity identification is shown in Fig. 6.7.  
 
Fig. 6.7 Overall control system for initial position estimation and magnetic polarity 
identification. 
6.4.1 Amplitude variation based polarity detection method  
As shown in Fig. 6.8 with rotating signal injection, the initial rotor position can be quickly 
tracked but with ambiguity of π. Then, by the several steps introduced above, i.e., comparing 
the zero sequence voltage amplitudes with and without applying the d-axis voltage, the 
ambiguity can be removed. Specifically, as can be seen from Fig. 6.8(a), since U1>U2, the 
estimated rotor position is correct, while in Fig. 6.8(b), adding phase shift of π to the initial 
estimated position is required for U1<U2.  
Besides, for anti-rotating pulsating signal injection, the similar results can also be obtained 
as shown in Fig. 6.9. The only difference during the polarity detection process compared to 
rotating injection is that Δθ should be modified according to the above analyses, Fig. 6.9(a)-
(b). Therefore, from Fig. 6.8-Fig. 6.9, the amplitude variation based method using zero 
sequence carrier voltage can be effectively applied for the magnetic polarity identification for 












(a) Magnetic polarity detection without ambiguity of π 
 
 (b) Magnetic polarity detection with ambiguity of π 
Fig. 6.8 Magnetic polarity detection based on amplitude variation for rotating signal injection 







































































































































(a) Magnetic polarity detection without ambiguity of π 
 
 (b) Magnetic polarity detection with ambiguity of π 
Fig. 6.9 Magnetic polarity detection based on amplitude variation for anti-rotating pulsating 






































































































































6.4.2 Secondary harmonic based polarity detection method 
As discussed above, the secondary zero sequence carrier voltage harmonics are not suitable 
for the magnetic polarity detection for the anti-rotating pulsating injection method, and 
therefore will not be illustrated in this chapter. Thus, only the rotating signal injection method 
using secondary zero sequence voltage harmonics is presented in this section, Fig. 6.10. The 
rotating carrier signals are selected as 8V and 300Hz to enhance the saturation modulation of 
main flux field and HF fields. As can be observed from Fig. 6.10, fast convergence is 
observed taking only 30 ms. Then, if the value of the amplitude of (6.14) is positive as shown 
in Fig. 6.10(a), the estimated rotor position is in the actual d-axis. Contrarily, as shown in Fig. 
6.10(b), the estimated initial position should be added with the angle of π since the value of 
(6.14) is negative. Besides, since the secondary harmonic based methods have faster response, 
they can be also used in the machine running conditions to monitor the actual magnetic 
polarity. By way of example, in the no-load generating mode, the secondary harmonic 
amplitude for the zero sequence voltage can quickly respond to the sudden change of 
estimated position as shown in Fig. 6.11(a). By comparison, the secondary harmonic of the 
carrier current based method is also illustrated in Fig. 6.11(b). Obviously from Fig. 6.11(b), if 
the scale factor for A/D sampling is set as 1:1, the amplitude for the secondary current 
harmonic is much lower than that for the zero sequence voltage (Fig. 6.11(a)), while 
enlarging the scale factor (5:1) could then result in undesirable distortions (Fig. 6.11(b)). 
Therefore, the theoretical analyses for the magnetic polarity identification using secondary 
harmonics are clearly verified, and moreover the secondary harmonic of zero sequence 




(a) Magnetic polarity detection without ambiguity of π 
 
 (b) Magnetic polarity detection with ambiguity of π 
Fig. 6.10 Magnetic polarity identification based on secondary zero sequence voltage 












































































(a) Secondary harmonic of zero sequence voltage based (8 V/300 Hz) 
 
 (b) Secondary harmonic of carrier current based (8 V/300 Hz) 
Fig. 6.11 Secondary harmonic amplitude variation due to magnetic polarity ambiguity under 
























































































6.5 Further Discussions for the Pulsating Injection in the Estimated 
Synchronous Reference Frame 
All the above analyses on the magnetic polarity identification using zero sequence voltage 
only focus on the two injection methods, i.e., rotating and anti-rotating pulsating injection. 
On the other hand, it is noted that the conventional pulsating injection method in the 
estimated synchronous reference frame is also widely employed for rotor position estimation 
[JAN03]. Therefore, whether the zero sequence voltage can be utilised for the polarity 
detection for the synchronous pulsating injection method [JAN03] will be further discussed in 
this section. 
Accordingly, from (4.15) in chapter 4 with the pulsating injection in the estimated 
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From (6.18), the |URN| may change the sign when the rotor stops at some positions, and 
consequently the polarity identification capability is lost, which is similar to (6.15)-(6.16). 
Therefore, the amplitude variation method using zero sequence voltage cannot be applied to 
the synchronous pulsating signal injection method. Similarly, since the synchronous pulsating 
injection can be also interpreted as two rotating signal injection [RAC08c], the secondary 
harmonics of zero sequence voltage also lose the capability for the magnetic polarity 
identification. The measured zero sequence voltage spectra for the synchronous pulsating 
injection are also shown in Fig. 6.12-Fig. 6.13 at the carrier frequency and twice carrier 
frequency range, respectively. Both two dominant harmonics in the zero sequence voltage 
exist as expected, and therefore similar to (6.16), they are both not suitable for the magnetic 




Fig. 6.12 Spectrum of measured zero sequence response for the synchronous pulsating signal 
injection at carrier frequency (4V/800Hz, fe =2.5Hz). 
 
Fig. 6.13 Spectrum of measured secondary zero sequence response for the synchronous 
pulsating signal injection (8V/300Hz, fe =2.5Hz). 
6.6 Conclusions 
This chapter has investigated the initial rotor position estimation and magnetic polarity 
identification by utilising zero sequence carrier voltage for PMSMs. Two types of magnetic 
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secondary zero sequence carrier voltage harmonics, have been examined for rotating and 
anti-rotating pulsating injection, respectively. It is shown that the amplitude variation based 
method using zero sequence voltage has higher detection sensitivity for the magnetic polarity 
compared to the conventional method using the carrier current. For rotating signal injection, 
the secondary zero sequence voltage harmonic based polarity detection method has the 
advantages of simple signal demodulation, fast response, and moreover has larger S/N ratio 
compared with conventional secondary carrier current harmonics. However, the secondary 
zero sequence carrier voltage harmonics cannot be applied for anti-rotating pulsating signal 
injection since two dominant secondary harmonics exist and severely affect the polarity 
identification at different rotor positions. Further discussions also have shown that the zero 
sequence voltage responses cannot be applied to the conventional pulsating injection method 
performed in the estimated synchronous reference frame. Finally, the effectiveness of initial 
position and magnetic polarity identification using zero sequence carrier voltage has been 




7 Carrier Signal Injection Based Sensorless Control of Permanent 
Magnet Synchronous Machines without the Need of Magnetic Polarity 
Identification  
7.1 Introduction 
As stated in the previous chapter, the carrier signal injection methods suffer from the 
ambiguity of magnetic polarity, and accordingly different types of magnetic polarity 
detection methods have been developed to clear the ambiguity. Among these methods, the 
secondary harmonic based methods have faster convergence since they do not need to change 
the magnetic saturation with additional signals as the further step [JEO05]. 
However, as explained in [RAC08c] [JEO05], the amplitude of secondary harmonic carrier 
current is relatively small, and therefore is only considered for polarity identification, while it 
is not utilised for rotor position estimation.  In contrast, as shown in chapter 6, for the rotating 
signal injection, the secondary harmonics of zero sequence carrier voltage have large signal 
amplitude and less distortions, and therefore whether this type of secondary harmonics can 
directly be used for position estimation will be examined in this chapter. It should be noted 
that if the secondary harmonic based position estimation method works, the time-consuming 
process of polarity identification can be completely eliminated, which can significantly 
improve the estimation response, and moreover the robustness and stability of position 
estimation will be greatly enhanced. 
The modelling of the secondary harmonics is described in [JEO05] [HAR05] using the 
Taylor series which is based on the nonlinear magnetic saturation relationship between the 
current and the flux linkage in the d-axis rotor reference frame. In this chapter, a more 
insightful explanation will be given for the secondary harmonics as the interaction between 
HF field and HF reluctance (permeance) harmonics (i.e. the HF saliency). More importantly, 
the HF saliency contains the magnetic polarity information, which actually is the basic reason 
why these secondary harmonics can be utilised for polarity identification, [JEO05]. It should 
be noted that the presence of the HF saliency is due to the saturation modulation of main flux 
field and HF field [CON06] [CON09]. In [CON09], a new air-gap function model 
considering the saturation modulation effects has been utilised to derive the carrier responses. 
However, in [CON09], the HF inductance harmonic information is not analysed in detail, and 
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moreover the use of secondary harmonics for position estimation without any polarity 
ambiguity has not been discussed.  
Therefore, in this chapter, the carrier signal injection method exploiting HF saliency will be 
investigated for the sensorless control of PMSMs without the need of magnetic polarity 
identification. The mechanism of HF saliency will be clearly described, and then the carrier 
signal responses (secondary harmonics) due to the interaction between HF field and HF 
saliency will also be derived. Finally, experimental results confirm the theoretical analysis on 
a prototype PM machine. 
The major new results of this chapter have been published in [XU16d]. 
7.2 Modelling of HF Saliency  
The inherent 2nd harmonic inductive and resistive saliencies have been widely employed 
for position estimation of PM machines with carrier signal injection methods [JAN95] 
[JAN03] [YAN11]. However, the ambiguity of magnetic polarity arises, which on one hand 
requires time-consuming polarity identification, and moreover may bring in instability during 
normal sensorless control. These issues can be significantly improved by utilising the HF 
saliency effect.  
Specifically, the interaction between the injected HF field and main flux field results in the 
modulation of saturation level [CON06], and consequently the HF magnetic reluctance 
harmonic (i.e., HF saliency) arises. Actually, the HF saliency information is reflected in the 
machine phase inductances, which can then be obtained by the finite element (FE) simulation 
using frozen permeability (FP) method [CHU13] as follows.  
7.2.1 Calculation of HF saliency using frozen permeability (FP) method 
In the FE analyses, for the prototype PM machine, Fig. 7.1 (its parameters are given in 
Table 7.1), the fundamental frequency (fe) is set as 2.5 Hz (30 rpm), and the carrier current is 
set as 1A (10% of the rated current) and 300 Hz frequency, i.e., 
sin(2 )
sin(2 2 / 3)
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where iah, ibh and ich are three phase carrier currents, Ih is the current amplitude, fh is the 
carrier frequency, respectively. Then, according to [CHU13], after the save and frozen of the 
permeability (each element and every step) with non-linear FE simulation having both PM 
and armature fields, the three phase inductances can be obtained with single excitation under 
linear FE conditions, Fig. 7.2. 
 
Fig. 7.1 Flux distribution of armature reaction for phase A only. 
From Fig. 7.2, it can be seen that apart from the fluctuated 2nd harmonic component (i.e., 
the inherent saliency), the three phase inductances also contain rich harmonics due to the 
carrier injection. Besides, from Fig. 7.2, it can be seen that the phase mutual-inductance is 
much smaller than the self-inductance due to the magnetic path of armature reaction [BIA06]. 
Because the mutual inductances will not affect the rotor position estimation as modelled in 
chapter 4, they are neglected for the simplified analyses in this chapter. Subsequently, the 
magnitude and phase spectra for the three phase inductances are shown in Fig. 7.3(a)-(d) at 




Fig. 7.2 Three phase inductances with 300 Hz HF injection using FP method.  
From Fig. 7.3(a)-(b), it can be seen that mainly dc, 2nd (2fe), 119
th (fh/fe-1) and 121
st 
((fh/fe+1)) inductance harmonics exist. The presence of 2
nd harmonics, i.e., the inherent 
machine saliency, is due to the magnetic saturation caused by d- or q-axis saturation [JAN03] 
[YAN11]. The 119th and 121th harmonics can be attributed to the magnetic saturation 
modulation between HF field and main flux field [CON06], i.e., the HF saliency. Besides, in 
order to further confirm the saturation modulation effects, a higher injection frequency at 800 
Hz is also performed, and the three phase inductances including the spectra are also obtained 
and shown in Fig. 7.4-Fig. 7.5, respectively. It can be seen that the 319th (fh/fe-1) and 321
st 
((fh/fe+1)) harmonics also arise, respectively. These modulation effects will be more clearly 























(a) Magnitude spectra around fundamental 
frequency 
(b) Magnitude spectra around carrier 
injection frequency 
  
(c) Phase spectra around fundamental 
frequency 
 (d) Phase spectra around carrier 
frequency 
Fig. 7.3 Spectra of three phase inductances with 300 Hz HF injection. 
 





















































































(a) Magnitude spectra around fundamental 
frequency 
(b) Magnitude spectra around carrier 
injection frequency 
  
(c) Phase spectra around fundamental 
frequency 
 (d) Phase spectra around carrier frequency 
Fig. 7.5 Spectra of three phase inductances with 800 Hz HF injection.  
7.2.2 Saturation modulation effects 
With the above calculated HF inductances, the equivalent phase magnetic reluctances can 
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where IA and Ψ is the current and flux-linkage of phase A, Laa and Ra is the self-inductance 
and equivalent magnetic reluctance for phase A, N is the number of turns for one phase, 
respectively. Therefore, from (7.2), it can be deduced that the inductance harmonics are all 
from the magnetic reluctance harmonics, while the magnetic reluctance harmonics are 
determined by the relative permeability harmonics in the stator or rotor irons in the 
magnetizing flux paths [CON00] [CON06]. By selecting certain point in the stator, e.g., point 

































































definition (μr=|B|/(μ0|H|)), Fig. 7.6(a)-(c). From Fig. 7.6(c), it can be seen that the relative 
permeability also has rich harmonics.  
This can be explained by the B-H curve in Fig. 7.7, in which the working point is 
fluctuating with the HF injection due to the change of saturation level, i.e., the saturation 
modulation phenomenon. Accordingly, the spectrum for the relative permeability around 
carrier frequency is given in Fig. 7.6(d). As can be observed from Fig. 7.6(d), the spectrum of 
the relative permeability is approximately the same with the three phase inductances, i.e., 
mainly at the 119th (fh/fe-1) and 121
st ((fh/fe+1)) harmonics, Fig. 7.3(b). The actual HF 
inductance (reluctance) harmonics are actually from the sum of the average relative 
permeability harmonics in all the magnetizing flux paths [CON06]. 
(a) Amplitude of flux density (|B|) (b) Amplitude of flux intensity (|H|) 
(c) Relative permeability  (d) Spectrum of relative permeability at 
carrier frequency 
Fig. 7.6 Relative permeability calculation of point ‘a’ at 300 Hz injection frequency.  
From the above analyses, it can be derived that the HF relative permeability harmonics 





































































HF relative permeability harmonics actually arise from the absolute value of flux density 
(flux intensity) since |H| (|B|) has the dc components (Fig. 7.6(a)-(b)), which will be proved 
as follows.  
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where BLF_k represents the amplitude of the k
th flux density around the fundamental frequency, 
e.g., the PM and fundamental current excitation, BHF represents the amplitude of flux density 
at the injection frequency, and δ1_k and δ2 are the phase shifts in the flux density. Therefore, 
from (7.3), the |B| can be further expressed as (by only considering the fundamental and 
carrier injection frequency components) 
2 2 2 2
1 1 2 2| | cos ( ) 2 cos( )cos( ) cos ( )LF e HF LF e h HF hB B t B B t t B t               (7.4) 
Mathematically, it can be proved from (7.4) that the |B| has the harmonic components at the 
frequency of (fh/fe-1) and (fh/fe+1). To be more specific, since |B|(>0) has a dominant dc 
component, as shown in Fig. 7.6(a), it can be expressed as 
0| | ...x yB B B B     (7.5) 
where B0 is the dc component, Bx and By present the components at the frequency of x and y 
(x and y are assumed around the injection frequency ωh, and y>x), respectively. Then, with 
(7.4)-(7.5), it can be obtained that 
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 (7.6) 
The left side of (7.6) can be further written as 
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Clearly, from (7.9), Bx and By are the components at the frequency of (fh/fe-1) and (fh/fe+1), 
respectively, and the amplitude of these two harmonics is related to the interaction of the low 
frequency and high frequency flux density components.  
Therefore, from the above derivations, it can be summarized that the saturation modulation 
effect actually is the interaction between the low and high frequency fields (BHF and BLF) due 
to the nonlinear B-H curve characteristics of the irons, which then results in the HF relative 
permeability harmonics, and consequently the HF reluctance and inductances harmonics, Fig. 
7.3(b). Then, due to the interaction between HF field and these HF inductance (reluctance) 
harmonics, rotor position dependent carrier signal responses, i.e., the secondary harmonics 
arise. Moreover, since these two main HF inductance harmonics in Fig. 7.3(d) only contain 
one fe (θe), i.e., the magnetic polarity information has been recorded in these inductance 
harmonics, the resultant secondary harmonics can be potentially utilised for the actual rotor 
position tracking without any ambiguity of machine polarity. Besides, from the above 
derivations, it should be pointed out that the reason why only one fe appears in the inductance 
harmonics (i.e., the polarity information recorded) is due to that the main flux field 





Fig. 7.7 The variation of relative permeability due to HF injection. 
7.3 Secondary Harmonic Responses 
In this part, based on the above analysis of the HF inductance (reluctance) harmonics, the 
secondary harmonic responses will be fully derived as follows. 
Firstly, from Fig. 7.3, the self-inductance of phase A (Laa) considering HF harmonics can 
be expressed as 
0 2 cos(2 ) sin( ) sin( )h e h eaa e f f h e f f h eL L L t L t t L t t            (7.10) 
where L0, L2, Lfh-fe and Lfh+fe are dc, 2
nd, (fh/fe-1)
th, (fh/fe+1)
th harmonic inductance components, 
respectively. Similarly, the inductances of phase B and C can be expressed as 
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(7.12) 
It is worth noting from (7.10)-(7.12) that the (fh/fe+1)
th inductance harmonics for three 
phases are with the difference of -120 degrees, i.e., the negative sequence components, while 
the (fh/fe-1)
th harmonics are in the same phase, i.e., the zero sequence inductance components. 





















sequence components can be explained by that the HF and main (fundamental) flux fields are 
both rotating in the positive sequence frame. Consequently, the saturation modulation 
between them results in one negative and the other zero sequence components according to 
(7.4). To be more specific, the HF three phase inductance harmonics can be approximately 
described as 
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(7.15) 
From (7.13)-(7.15), it can be seen that the first term of BHF∙BLF for each phase is in the 
angle difference of -120 deg. (i.e., negative sequence components), while the second term is 
in phase (i.e., zero sequence components). Therefore, the resultant three phase HF inductance 
sequences are described in the expressions of (7.10)-(7.12) as analysed above. Accordingly, 
the vector relations for the three phase inductance harmonics are depicted in Fig. 7.8, in 
which the rotation sequence of these harmonics can be clearly observed. 
Furthermore, from (7.10)-(7.12), due to that the magnetic polarity information has been 
recorded into the two HF inductance harmonics ((fh/fe-1)
th and (fh/fe+1)
th), the resultant 
position estimation performances utilising the interaction between HF field and the HF 
inductance (reluctance) harmonics can be significantly enhanced. This is due to that the time-
consuming magnetic polarity identification processes can be completely eliminated. It should 
be noted that the secondary harmonics from the interaction between HF field and the HF 
inductance harmonics appear in both the carrier currents and zero sequence carrier voltages 






(a) 2nd harmonic negative 
sequence inductance 
(b) (fh/fe-1)




negative sequence inductance 
Fig. 7.8 Rotation sequence of inductance harmonics. 
7.3.1 Carrier current expressions 
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Then, the rotating voltage signal injection in the stationary reference frame is derived as 
[JAN95] 
(cos sin )h hU jU U t j t       (7.17) 
Thus, accordingly, the carrier currents in the stationary reference frame can be expressed as 
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where ihαβ represents the carrier currents in the α stationary reference frame. From (7.18), 
apart from the well-known positive and negative sequence carrier current components at fh 
and –fh+2fe [JAN95], additional secondary positive sequence harmonics at 2fh–fe and negative 
sequence carrier current at -2fh+3fe arise due to the HF inductance harmonics (i.e., HF 
saliency). Since the positive sequence carrier current 2fh-fe contains the actual rotor position 
information, it can be used for magnetic polarity identification, which has been discussed in 












carrier current secondary harmonics has been physically explained, i.e., the interaction of 
injected HF field and modulated HF saliency. However, as analysed in [JEO05] [GON13], 
the amplitudes of carrier current secondary harmonics are relatively small. Therefore, if they 
are directly used for position estimation, the resultant estimation performances are degraded, 
which will be shown experimentally in section 7.5. 
7.3.2 Zero sequence carrier voltage expressions 
On the other hand, as analysed in [BRI05] [CON06], zero sequence carrier voltage also 
contains rotor position information, and can be measured with one balanced resistor network 
and the access to the machine neutral point as shown in Fig. 4.1 in chapter 4. Accordingly, 
based on (4.1), (4.4)-(4.9), and the inductance information in (7.16), the zero sequence carrier 
voltage URN in Fig. 4.1 can be obtained as 
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From (7.19), it can be seen that the zero sequence carrier voltage mainly contains three 
components, i.e., fh+2fe and fh-4fe [BRI05] [CON06], and 2fh+fe, respectively. Particularly, the 
presence of third term 2fh+fe is due to the HF saliency effects, due to the interaction between 
HF field and the modulated HF saliency as analysed above. 
To verify the above derivations, rotating signals (U=8V and fh=300 Hz) have been injected 
on the prototype PM machine, and the measured secondary harmonics of zero sequence 
carrier voltages and carrier currents under different loads are shown in Fig. 7.9-Fig. 7.10, 
respectively. The fundamental frequency fe of machine is 2.5 Hz. Thus, the secondary current 
harmonics are mainly located at 237th (2fh/fe-1) and 239
th (-2fh/fe+3), while zero sequence 
carrier voltage is mainly at 241th (2fh/fe+1), which are all in accordance with theoretical 
analyses in (7.18) and (7.19). Furthermore, from Fig. 7.9-Fig. 7.10, it is expected that the 
position estimation using secondary harmonics of zero sequence voltage will be more 
advantageous since the zero sequence carrier voltage has relatively large signal amplitude and 
less distortions (especially under load conditions), i.e., larger S/N ratio, compared to that of 




Fig. 7.9 Spectra of measured zero sequence carrier voltage secondary harmonics for rotating 
signal injection under different loads. 
 
Fig. 7.10 Spectra of measured carrier current secondary harmonics for rotating signal 
















































7.4 Implementation for HF Saliency Based Sensorless Control 
The signal processes for the HF saliency based position estimation method are introduced 
in this part. According to (7.18), the extraction of (2fh/fe-1)
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Then, with (7.20), the final rotor position can be estimated with position tracking observer 
as shown in Fig. 7.11. For comparison, the conventional negative sequence carrier current 
based position estimation method [JAN95] is also depicted in Fig. 7.11. The differences 
between the two methods can be clearly observed in terms of signal demodulation. 
Similarly, for the zero sequence carrier voltage in (7.19), the signal processing for the 
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 (7.21) 
Accordingly, the block diagram for the signal demodulation of zero sequence carrier 
voltage in (7.21) is shown in Fig. 7.12 together with the conventional zero sequence method 
[BRI05]. It is expected that by utilising the modulated HF saliency rather than the inherent 
machine saliency, the output of position tracking observer  does not have the ambiguity of 




Fig. 7.11 Block diagram of position estimation using carrier current responses. 
 
Fig. 7.12 Block diagram of position estimation using zero sequence voltage responses. 
7.5 Experimental Validation 
The experiments are implemented on a dSPACE DS1006 platform to validate the HF 
saliency based position estimation methods on the prototype PM machine. The machine 








Table 7.1 Parameters of Prototype PM Machine Tested 
Rated voltage 36 V 
Rated current 10 A 
Rated speed 400 rpm 
Rated torque 5.5 Nm 
Nominal phase resistance 0.32 Ω 
Average phase inductance (FE) 2.4 mH 
2nd harmonic phase inductance (FE) 0.6 mH 
(fh/fe±1)
th HF phase inductance (FE) 0.08/0.09 mH 
Pole number 10  
PM flux-linkage 70.7 mWb 
7.5.1 Steady-state and dynamic position estimation performances 
The steady-state sensorless control performances utilising HF saliency are illustrated in Fig. 
7.13-Fig. 7.14 with carrier current and zero sequence carrier voltage sensing, respectively. 
The injection signal is set as 8 V and 300Hz with the rotor reference speed given as 50 rpm. 
As can be seen from Fig. 7.13, the carrier current secondary harmonic (frequency at 2fh-fe in 
(7.18)) based position estimation presents larger estimation error, and also undesirable 
distortions, which indicates that it is not suitable for the direct position estimation due to the 
smaller S/N ratio as discussed above [RAC08c]. In contrast, in Fig. 7.14, the secondary 
harmonic of zero sequence carrier voltage (frequency at 2fh+fe in (7.19)) based method shows 
stable and robust estimation performance, which can be attributed to the larger signal 
amplitude and less distortions for the zero sequence carrier voltage in Fig. 7.9. Therefore, for 
the remaining experiments, only the zero sequence carrier voltage based method exploiting 




Fig. 7.13 Steady-state position estimation performances using secondary harmonics of carrier 
current. 
 
Fig. 7.14 Steady-state position estimation performances using secondary harmonics of zero 
sequence carrier voltage. 
The dynamic performance is shown in Fig. 7.15 where rotor speed reference is changed 
from 0-30-50 rpm. The injected carrier signals are the same as that in the steady state 
conditions. The quick dynamic response can be obtained. The step load test is also performed 
on the prototype PM machine as shown in Fig. 7.16. Good position tracking performances are 























































































can be concluded that the HF saliency based position estimation method presents good 
dynamic performances at different speed and load conditions. 
 
(a) Position estimation performance 
 
 (b) Speed reference and actual rotor speed 

































































(a) Position estimation performance 
 
(b) Actual rotor speed and q-axis current 
Fig. 7.16 Dynamic performance under step load. 
7.5.2 Initial rotor position estimation and disturbance test 
The initial rotor position estimation is implemented as shown in Fig. 7.17 utilising the 
modulated HF saliency, with the fundamental excitation set as 0 A. It can be seen that the 
actual position can be accurately tracked regardless of whether the rotor stops in the south- or 
north-pole (i.e., 0.86 rad or 4 (0.86+π) rads in Fig. 7.17). By contrast, at the same rotor 
















































































shown in Fig. 7.18, and the ambiguity of π is expected at 4 rads. Thus, the HF saliency based 
method is of great significance, not only for the elimination of time-consuming polarity 
identification, but because greatly enhances the estimation stability during normal operation, 
which is then verified by the disturbance tests in Fig. 7.19-Fig. 7.20. In Fig. 7.19-Fig. 7.20, 
the disturbance of π is added to the output of position tracking observer in Fig. 7.12 (i.e., the 
feedback of the observer adds π). It can be seen that for the conventional method, Fig. 7.19, 
the observed position estimation error changes rapidly with the error of angle π/-π. For the 
HF saliency based method in Fig. 7.20, it still converges to the actual rotor position showing 
great robustness and stability as expected. 
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Fig. 7.18 Position estimation at 0.86 rad and 4 rad using inherent saliency. 
 









































































Fig. 7.20 Position estimation using HF saliency with disturbance of π. 
7.6 Conclusions 
This chapter has proposed the position estimation method using the modulated HF saliency 
for PMSMs without the need of magnetic polarity identification. Experimental analyses have 
been employed on the prototype PM machine to verify the theoretical analyses. Several main 
conclusions can be obtained as follows. 
1) The presence of HF saliency is due to the saturation modulation between HF field and 
main flux field due to the nonlinear B-H curve characteristics. 
2) The interaction between HF field and HF saliency generates rotor position dependant 
carrier signals containing actual rotor position information, which can be directly used for 
position estimation without ambiguity of machine polarity.  
3) The HF saliency based zero sequence carrier voltage demonstrates better position 
estimation performances than those of carrier current due to larger signal amplitudes and less 
distortions. 
4)  The HF saliency based method not only removes time-consuming magnetic polarity 
















































8 Comparison of Carrier Signal Injection Methods for Sensorless Control 
of Permanent Magnet Synchronous Machines 
8.1 Introduction  
As introduced in the previous chapters, the carrier signal injection methods exploiting the 
inherent machine saliency can be generally divided into the rotating injection in the stationary 
reference frame [JAN95] [DEG98] and the pulsating injection in the estimated synchronous 
reference frame (synchronous pulsating injection) [JAN03] [ZHU11]. Many efforts have 
been taken to compare the different carrier signal injection methods, and accordingly these 
comparisons can be classified into two groups. The first group is to compare different carrier 
responses for one specific injection method [BRI05] [GAR07]. In [BRI05], for rotating 
injection method, two carrier responses, i.e., the negative sequence carrier current and zero 
sequence carrier voltage have been compared. It is found that the zero sequence carrier 
voltage based strategy is more advantageous in terms of the THD, the sensitivity to the carrier 
injection distortion, the system bandwidth and estimation stability [GAR07]. However, in 
[GAR07], the physical explanations and detailed derivations, e.g., the inverter nonlinearity 
effects, are not given specifically and will be further derived analytically and explained 
insightfully in this chapter (e.g. why the zero sequence voltage is more advantageous). 
Besides, only the rotating injection method is discussed in [GAR07], and therefore the 
discussions will also be extended in this chapter to the other different injection methods 
considering alternative carrier responses.  
The second group is to compare different injection methods but with only one specific type 
of carrier response sensing, e.g., the carrier current response [KIM04a] [RAC08a] [RAC08c]. 
In [KIM04a] [RAC08a], by comparing the rotating and the synchronous pulsating signal 
injection (both with carrier current sampling), it is found that the pulsating injection has 
higher estimation accuracy while rotating injection is more robust. In [RAC08c], further 
analytical work and experimental results under various conditions are also performed to 
compare the two injection methods considering the nonlinear parasitic effects, e.g., inverter 
nonlinearity, multiple saliencies, etc.  
Obviously, the existing comparison efforts primarily focused on the two injection methods, 
i.e., the rotating injection and synchronous pulsating injection [GAR07] [KIM04a] [RAC08c]. 
There are actually limited discussions for the systematic comparisons between the three 
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injection methods (i.e., the two existing injection methods plus the anti-rotating pulsating 
injection method as illustrated in chapter 4) with the consideration of alternative sensing 
responses.  
Therefore, this chapter presents the full comparisons for the different carrier signal 
injection methods for the sensorless control of PMSMs, considering alternative carrier 
responses. Specifically, the influence of signal processing delays, the cross-coupling 
magnetic saturation effects, inverter nonlinearity effects, multiple saliency effects, and the 
iron and PM losses due to carrier injection, will be presented. With the analyses of these 
effects, it provides more physical understandings about how the carrier injection method 
works and how it is affected by the nonlinear behaviours of the PM machine or inverter, etc. 
The theoretical comparative studies will be confirmed by the finite element (FE) simulation 
or experimental results on a prototype PM machine. 
8.2 Carrier Signal Injection Model 
Firstly, according to the previous chapters, the general model for the different carrier signal 
injection methods, i.e., the rotating injection [JAN95], synchronous pulsating [JAN03] and 
the anti-rotating pulsating injection will be briefly introduced in this section. 
8.2.1 Rotating signal injection with carrier current sensing 
According to [JAN95], for rotating signal injection, Fig. 2.15, the carrier current response 
can be expressed as 
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(8.1) 
where ihαβ presents the carrier current in the α stationary reference frame, Ld and Lq are the 
incremental d- and q-axis inductances, θe is the electrical rotor position, respectively.  
8.2.2 Rotating signal injection with zero sequence voltage sensing 
Besides, for rotating signal injection, the zero sequence voltage (URN, Fig. 4.1) also 
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where L0, L2 are the amplitudes of dc and 2
nd harmonics of phase self-inductances, 
respectively. It is noted that in (8.2), the phase mutual-inductances have been neglected for 
the simplified analyses since the mutual inductances for the prototype PM machine are 
relatively small (Fig. 4.4). However, the mutual-coupling among phases will not affect the 
position estimation mechanisms as shown in chapter 4. 
Then, from above, since typically 2L0 is much bigger than L2, the 2
nd term of (8.2) can be 














8.2.3 Synchronous pulsating signal injection with carrier current sensing 
Generally, the pulsating signal injection as shown in Fig. 2.3 is performed in the estimated 
synchronous d-axis, and accordingly the estimated q-axis carrier current can be used for 
position estimation and described as [JAN03] 














From (8.4), it can be seen that the carrier current for the synchronous pulsating injection is 
amplitude-modulated by machine saliency, leading to high accuracy and robustness 
[RAC08c].  
8.2.4 Anti-rotating pulsating signal injection with zero sequence voltage sensing 
As illustrated in chapter 4, this type of pulsating signal injection is employed in the 
estimated reference frame, anti-rotating at twice the rotor’s electrical angular speed, Fig. 4.8. 


















Therefore, from (8.5), it can be seen that with the anti-rotating injection method, the zero 
sequence voltage is also amplitude-modulated by machine saliency, showing high accuracy 
and robustness as discussed in chapter 4.  
8.3 Comparison of Different Carrier Signal Injection Methods 
Then, with the above modelling about the different injection methods with alternative 
sensing signals, the detailed comparisons in terms of signal processing delays, cross coupling 
magnetic saturation effects, inverter nonlinearity, multiple saliencies, iron and PM losses, etc., 
will be analysed as follows.  
8.3.1 Influence of signal processing delay effects  
As reported in chapter 2 and [CUP12] [MOG13], the digital delays, analog circuit delays, 
A/D sampling delays, etc., can cause the phase shifts of carrier responses. Considering these 
signal processing delays, the carrier currents in (8.1) and (8.4) can be expressed as 
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(8.6) 
for rotating signal injection, and  














for the synchronous pulsating injection, respectively, where angle φ represents the phase 
shifts due to the signal processing delays. Then, with the signal demodulation, the position 
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Therefore, it can be seen from (8.8)-(8.9), with carrier current sensing, the signal 
processing delays can cause the position errors for the rotating signal injection, while not 
introducing position errors for synchronous pulsating injection since only the amplitudes of 
(8.9) are affected.  
Similarly, with the consideration of signal processing delays, the zero sequence carrier 
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From (8.10)-(8.11), with zero sequence carrier voltage sensing, the delays can also cause 
the position errors for rotating signal injection. For the anti-rotating pulsating injection, the 
position estimation errors are unaffected, which is similar to the synchronous pulsating 
injection with carrier current sensing in (8.9). 
In order to verify the above analysis about signal processing delays, average position 
estimation errors at different carrier frequencies (i.e., different signal processing delays) are 
measured and shown in Fig. 8.1. It can be seen that synchronous pulsating injection with 
carrier current sensing and anti-rotating pulsating injection with zero sequence carrier voltage 
sensing show great robustness to the variation of carrier frequency, while others types are 
sensitive to the carrier frequency variation. All these measured results are consistent with the 
above theoretical analyses. Therefore, it can be concluded that the synchronous pulsating 
signal injection with carrier current sensing and the anti-rotating pulsating injection with zero 
sequence voltage sensing are insensitive to the signal processing delays, while other types of 




(a) Carrier current sensing based methods 
 
(b) Zero sequence voltage sensing based methods 
Fig. 8.1 Average position errors with sensitivity to injection frequency considering 
delay effects. 
8.3.2 Influence of cross coupling magnetic saturation effects 
In this part, the magnetic saturation effects will be examined for the different injection 









































[GUG06] [LI09] [BIA07], the detailed comparisons for the different carrier responses of the 
carrier injection methods are not found, and will be investigated as follows.  
From (8.1)-(8.5), under certain injection voltage and frequency, it can be seen that all the 
carrier responses for the three injections are only related to the machine inductance 
information. Accordingly, the inductance for one phase can be obtained by the frozen 
permeability (FP) method [CHU13] in the finite element (FE) simulation, under different 
load conditions, Fig. 8.2. The inductance calculated by the FP method is shown in Fig. 8.3. 
 
Fig. 8.2 Procedure of frozen permeability method for PM machine. 
It can be seen from Fig. 8.3 that the maximum inductance point at load condition has been 
shifted due to the saturation effects. This can be explained by the relative permeability 
distribution at various load conditions as shown in Fig. 8.4. From Fig. 8.4, at the same d-axis 
position of the PM machine, the permeability distribution has been significantly shifted from 
no-load to load conditions, and obviously the on-load armature flux paths will be also 
changed, resulting in the inductance variations as shown in Fig. 8.3. 
Accordingly, the magnitude and phase spectra of the inductances under various load 
conditions are also illustrated in Fig. 8.5(a)-(b). Because the average magnetic saturation 
increases under load conditions, the average (dc) inductance reduces as expected, Fig. 8.5(a), 
while the 2nd harmonic component, i.e., the main saliency, even increases, which can be 
attributed to the cross-coupling saturation effect. To be more specific, the inductances in dq-
plane are calculated with the phase inductance data in Fig. 8.3 and then shown in Table 8.1. It 
can be seen that although the difference of d-/q-axis inductances (Lq-Ld) reduces from no-load 
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to full-load condition, the d-/q-axis mutual-inductance (Ldq) significantly increases from 0.02 
mH to 0.34 mH, leading to even increased total inductive saliency, Fig. 8.5(a). 
Table 8.1 Incremental Inductance at Different Loads 
Inductance (mH) Ld Lq Lq-Ld Ldq 
No-load 1.78 2.57 0.79 0.02 
Full-load 1.69 2.18 0.49 0.34 
 
Fig. 8.3 Self-inductance for phase A obtained by FP method. 
  
(a) No-load (b) Full-load 





















(a) Magnitude spectra 
 
 (b) Phase angle spectra 
Fig. 8.5 Self-inductance spectra for phase A. 
On the other hand, inevitably, the angle of the main saliency (2nd harmonic inductance) is 
shifted also due to the cross-coupling effects, Fig. 8.5(b), ~54.6 degs (2nd harmonic phase 
shift, Fig. 8.5(b)). This shifted angle can then lead to the phase shift of the carrier responses 
causing position estimation errors (Δθ). Although the carrier current and zero sequence 
voltage responses in (8.1)-(8.5) are modelled in different reference frames, the position errors 




































from Table 8.1, Δθ for carrier current based methods can be calculated as tan-1(2Ldq/(Lq-
Ld))≈27 degs [ZHU11], which equals to that for the zero sequence methods, i.e., the half of 
the phase shift of the 2nd harmonic inductance (~27.3 degs). This will be theoretically proved 
as follows. 
Specifically, according to (4.23) [YAN06], with coordinate transformation, the d-/ q-axis 























Thus, considering cross-coupling magnetic effects, accordingly the carrier currents for the 
rotating and synchronous pulsating injection can be further obtained as 
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(8.13) 























Similarly, the zero sequence carrier voltages for rotating and anti-rotating pulsating 
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where θs3 represents the cross coupling effects for zero sequence carrier voltages and can be 









From (8.12), (8.14) and (8.17), it can be obtained that θm exactly equals θs3. Therefore, the 
cross-coupling saturation effects cause the same position estimation errors irrespective of 
signal injection and sensing types, as proved above. Accordingly, the cross-coupling angle 
can be measured by the offline tests, and then used for the online compensation as described 
in chapters 4-5. 
Then, accordingly, the carrier responses under various load conditions are measured and 
shown in Fig. 8.6-Fig. 8.8 for the above carrier injection methods, respectively. The injection 
frequency and voltage for the three methods are all set as 600Hz/6V, and the fundamental 
frequency is set as 5 Hz. Firstly, for rotating signal injection, as illustrated in Fig. 8.6(a)-(b), 
it is observed that the main harmonics used for position estimation, i.e., the 122nd for the zero 
sequence voltage, and -118th for the negative sequence carrier current are increased under 
load conditions. Obviously, according to (8.1)-(8.3), this is because the average inductance 
reduces while the 2nd saliency inductance increases, as shown in Fig. 8.5(a). It is also noted 
that the disturbance harmonics, e.g., 110th and 116th for the zero sequence voltage, -130th and 
-112th for the negative sequence carrier current are also increased due to the load, which can 
also be attributed to the 6th, 8th, and 10th harmonic inductances in Fig. 8.5(a). 
Further, for the pulsating injections in the estimated reference frame, it is quite difficult to 
measure the signal spectra since the main harmonic components in (8.4) and (8.5) become 
zero (Δθ≈0) in the steady-state. In order to measure the carrier responses for the pulsating 
injections, with the assistance of encoder, Δθ is kept as π/4, i.e., the injected axis in Fig. 2.3-
Fig. 4.8 has π/4 angular deviation to the actual rotor position. Accordingly, the measured 
spectra for the two injections are shown in Fig. 8.7-Fig. 8.8, from which it can be seen that 
the variations of the main harmonics are similar to those of rotating signal injection, Fig. 8.6. 
Therefore, from above analyses, it can be concluded that the magnetic saturation actually has 
similar influences on different injection methods with alternative sensing signals. Obviously, 





(a) Zero sequence voltage 
 
 (b) Negative sequence carrier current 













































Fig. 8.7 Measured carrier current responses for the synchronous pulsating injection. 
 
Fig. 8.8 Measured zero sequence responses for anti-rotating signal injection. 
8.3.3 Influence of inverter nonlinearity effects  
The position estimation of carrier signal injection methods is significantly affected by the 
inverter nonlinearity effects as reported in many literature, [GUE05] [GON11] [GAR07] 
[WAN14d], etc. In [GAR07], it is shown that for rotating signal injection, the zero sequence 
voltage response is less sensitive to the inverter distortions compared to the carrier current 
sensing, which however lacks of the more physical explanations. Besides, in [GAR07], only 












































among the three injection methods considering inverter nonlinearity effects will be 
investigated. It will be found and shown analytically that the machine saliency ratio and 
semiconductor characteristics actually determine the inverter nonlinearity effects on different 
injection methods with alternative signal responses. 
Specifically, according to [GON11], the voltage distortion around the carrier frequency due 
to the inverter nonlinearity effects is described as 
2 /3 2 /32[ ]
3
j j
h ah ah bh bh ch chu R i R i e R i e




where Rah, Rbh, Rch represent the equivalent HF resistances of inverter, which only exist when 
the phase currents are nearly crossing zero, i.e., in the zero current clamping (ZCC) zone 
[GON11] [CHO08]. Assuming instantly the phase A current around zero (θe≈0), the 
distortion voltage in (8.18) can be simplified as 
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3h ah ah




For the HF injection method with zero sequence voltage sensing, this distortion voltage in 
(8.19) will give rise to the potential drifting of the voltage URO, which is normally believed to 
be zero without considering the inverter nonlinear behaviours (around the carrier injection 
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Since at θe≈0, the distortion voltage of UAO=2Rahiah/3, and UBO=UCO=0, while the injection 
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(8.21) 
Then, with the Y-connected windings and three phase voltage equations as given in (8.22) 
[GAR07], the zero sequence voltage for rotating signal injection considering the nonlinear 
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Then, from (8.23), the ratio γ of the distortion component (2nd term of (8.23)) to the main 













Similarly, with (2.1) and (8.18), the negative sequence carrier current for rotating injection 
considering the inverter nonlinearity effects can also be derived as follows. With (8.18), the 
distorted voltage for rotating injection can be further described as [GON11] 
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Accordingly, the negative sequence carrier current considering the inverter nonlinearity 
effects can be expressed as 
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(8.26) 
From (8.26), it is noted that in the negative sequence carrier current responses, there 
actually exist two distortion components due to the inverter nonlinearity effects, and 
obviously the middle term of (8.26) has the larger amplitude. The cause of this larger 
amplitude component is due to the interaction of the negative sequence carrier voltage in 
(8.25) (2nd term) and the average inductance ((Ld+Lq)/2, i.e., the zero sequence inductance). 
In contrast, from the above derivations, this large distortion component does exist in the zero 
sequence voltage in (8.23). Apparently, this is because the interaction of either the positive or 
the negative distorted voltage in (8.25) with the average inductance (i.e., the zero sequence 
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inductance) will not contribute to the zero sequence responses. Therefore, the physical reason 
why the zero sequence voltage has less sensitivity to the inverter distortions has been clearly 
explained as discussed above. The mechanism of inverter nonlinearity effects on different 
carrier signal responses for rotating signal injection is also depicted in Fig. 8.9. From Fig. 8.9, 
it can be further observed that the distortions of the negative sequence carrier current are 
mainly related to the average inductance, while those of the zero sequence carrier voltage are 
only affected by the saliency inductance. In other words, the inverter distorted voltages must 
interact with the saliency inductance (small) to produce the distortions (also small) in the zero 
sequence voltage response, while they can interact with the average inductance (large) to 
produce carrier current distortions (large). Hence, the distortions for the zero sequence 
voltage responses are much smaller, because the average inductance is much larger than the 
saliency inductance. 
 
Fig. 8.9 Block diagram for inverter distortion mechanism for rotating signal injection method. 
Furthermore, from (8.26), the distortion ratio γ of the negative sequence carrier current for 















With (8.24) and (8.27), the distortion ratio comparisons between the zero sequence voltage 




















































Therefore, from (8.28), the machine saliency ratio significantly influences the inverter 
nonlinearity effects on the two carrier responses for rotating signal injection, and the zero 
sequence voltage response will be much better than the carrier current especially when the 
machine saliency ratio is relatively small. 
Similarly, for the anti-rotating pulsating injection, from (8.5) and (8.19)-(8.22), the 














Thus, from (8.29), compared to (8.24) for rotating signal injection, the distortion ratio γzeq is 
even smaller for the anti-rotating injection method since |sin(2θe)| in (8.29) is quite small 
when phase A current nearly crosses zero (θe≈0). It is noted that when the rotor position θe 
increases to certain angle, the phase A current will be out of the ZCC zone [GON11] 
[WAN14d], not affecting the carrier injection any more. Therefore, for the two injection 
methods both with zero sequence voltage sensing, the differences actually are relied on the 
inherent characteristics of the semiconductor devices (i.e., the parasitic capacitor effects 
determining the ZCC zone). 
For the synchronous pulsating injection, the estimated d-/q-axis voltage distortions can be 
also obtained [WAN14]. To be more specific, the d-/q-axis voltage errors due to the inverter 
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Accordingly, the q-axis carrier current in (8.4) can be further described as 
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Therefore, the distortion ratio γ for synchronous pulsating injection can be approximately 
described as  
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From (8.32), similar to (8.26), the interaction of Δuqh and the large average inductance 
could mainly cause the position error. However, since Δuqh is attenuated by the term of 
‘sin(2θe)’ when θe≈0, the distortions in the carrier currents are expected to be smaller 
compared to the rotating injection in (8.27) for the prototype PM machine (Ld/Lq≈7/9). 
Accordingly, the distortion ratio comparisons between the synchronous pulsating injection in 
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(8.33) 
From (8.33), it can be seen that the difference between the rotating injection and the 
synchronous pulsating injection (both with carrier current sensing) also significantly depends 
on the saliency ratio and the ZCC zone (i.e., the inherent characteristics of the 
semiconductors). The detailed summary for the distortions of inverter nonlinearity effects on 
the three injection methods are given in Table 8.2.  
Table 8.2 Summary of the Distortion Ratios for the Different Injection Methods 
*A-Rotating injection with carrier current sensing, *B-Rotating injection with zero sequence 
voltage sensing, *C-Synchronous pulsating injection with carrier current sensing, *D-Anti-
rotating pulsating injection with zero sequence voltage sensing. 
Therefore, from all the analytical derivations and discussions, it can be concluded that the 
inverter nonlinearity effects on different carrier injection strategies with alternative sensing 
signals mainly depend on the saliency ratios (i.e.,  different machine designs and topologies 
could be different) and also the inherent characteristics of semiconductor devices (i.e., 
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different parasitic capacitors resulting in different ZCC zones). These two major effects could 
then cause different behaviours for the different injection methods with alternative sensing 
signals. However, generally, from the analytical results in Table 8.2, the zero sequence 
sensing based methods are more insensitive to the inverter nonlinearity effects than the 
current based methods (generally much less than 1 p.u.,Table 8.2). 
Then, in order to examine and verify the analyses on carrier distortions for the above 
carrier injection methods, different dead time settings are performed under different load 
conditions, respectively, Fig. 8.10-Fig. 8.12. The injection frequency and voltage for the three 
methods are also set as 600Hz/6V, and the fundamental frequency is set as 5 Hz. Firstly, for 
rotating injection with negative sequence carrier current sensing as shown in Fig. 8.10(a)-(b), 
the distortion harmonics at -124th, -118th, and -112th are observed to be most sensitive with 
the increase of dead time, under different load conditions. In contrast, the zero sequence 
voltage sensing method for rotating injection in Fig. 8.10(c)-(d) has shown to be much less 
sensitive to the nonlinearity effects. According to the above analytical derivations, this is 
because for the prototype machine (Ld/Lq≈7/9), the resultant distortion ratio δ in (8.28) in the 
two carrier responses is only ~2/9. Thus, the distortion of the zero sequence voltage due to 
inverter nonlinearity effects is only around 22% of that of the negative sequence carrier 
current. Therefore, for rotating signal injection, the distortion differences in the two responses 




(a) Carrier current, Iq=1.0 A (b) Carrier current, Iq=7.5 A 
  
(c) Zero sequence voltage, Iq=1.0 A (d) Zero sequence voltage, Iq=7.5 A 
Fig. 8.10 Measured carrier responses with dead-time for rotating injection. 
Then, for the other two carrier injections, the main components in (8.4) and (8.5) 
approximately become zero (Δθ≈0, with the assistance of sensor) in the steady state (e.g., 
URN in (8.5) equals zero when Δθ≈0, as can be seen from the 120
th harmonic in Fig. 8.12(a)) 
as aforementioned. Besides, since the injection axis cannot be shifted for fair comparisons of 
inverter nonlinearity effects [CHO08], it is very difficult to assess the inverter nonlinearity 
effects from the measured main harmonics, Fig. 8.11-Fig. 8.12. However, simply from the 
harmonic components at the 114th and 126th, Fig. 8.11-Fig. 8.12, it can be seen that the carrier 
current and zero sequence voltage responses for the two pulsating injection strategies are also 
less sensitive to the nonlinearity effects under different load conditions. According to (8.29) 
and (8.33), this can be also explained by the relatively low saliency ratio of the prototype PM 
















































































(a) Carrier current, Iq=1.0 A 
 
 (b) Carrier current, Iq=7.5 A 












































(a) Zero sequence voltage, Iq=1.0 A 
 
 (b) Zero sequence voltage, Iq=7.5 A 
Fig. 8.12 Measured carrier responses with dead time for anti-rotating pulsating injection. 
In order to further confirm the derivations above, the sensorless control with dead-time 
changing online is also performed as shown in Fig. 8.13. It is noted that only the rotating 
signal injection with two different carrier responses is employed, while it is not fair for the 
other two pulsating injection methods. This is due to that the two pulsating injections are 
amplitude-modulated by saliency position as given in (8.4) and (8.5), and the equivalent 







































from Fig. 8.13 for rotating signal injection, when the dead time increases from 1 μs to 3 μs, 
the position estimation with zero sequence responses is less affected than that with the carrier 
current responses. Specifically, with negative sequence carrier current sensing, as shown in 
Fig. 8.13(a), the peak to peak position estimation error increases approximately twice (from 
~0.2 rad to ~0.4 rad), while it is almost unchanged for the zero sequence method (Fig. 
8.13(b)), which verifies the above theoretical analyses.  
 
(a)  Negative sequence carrier current sensing 
 
 (b) Zero sequence carrier voltage sensing 
Fig. 8.13 Position estimation performances for rotating signal injection methods with  














































































Tdt=1 μs Tdt=3 μs
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8.3.4 Influence of multiple saliency effects 
Normally, it is recognized that the inverter nonlinearity and multiple saliency effects 
(symmetrical conditions) are the main sources for the 6th (or multiple of 6th) oscillating 
position errors [DEG98] [GON11]. In this section, multiple saliency effects including 
primary saliency are specifically focused and compared for the above different injection 
methods. The FE simulation analyses are employed and therefore the inverter nonlinearity 
effects introduced in the above section 8.3.3 can be eliminated. The detailed modelling and 
analyses are presented as follows. 
To obtain the analytical expressions of phase inductances, Fig. 8.14 gives the spectrum of 
one phase inductances for the prototype PM machine. It can be seen from Fig. 8.14 that the 
2nd harmonic inductance is the primary saliency, while mainly the 4th harmonics exist as the 
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It can be seen from (8.34)-(8.35), the 4th phase inductance harmonics are transformed to be 
the 6th harmonics of d-/q-axis inductances. Consequently, the carrier currents for the three 
injection methods can be derived as 
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(8.37) 
where |Z| presents the total impedance. Then, according to [RAC08c], the oscillating position 
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(8.38) 
for both rotating and synchronous pulsating injection, and ϕm is the phase angle of the 6th 
harmonic position error. 
Similarly, considering the phase inductance harmonics, zero sequence carrier voltages for 
rotating and anti-rotating pulsating injection can be expressed as  
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(8.40) 
From (8.39)-(8.40), the resultant oscillating position error with zero sequence carrier 
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(8.41) 
Compared with (8.38), it can be seen that the 6th oscillating error in (8.41) caused by 
multiple saliency with zero sequence carrier sensing is larger than that with carrier current 
sensing. This is due to that the ratio of 2nd harmonics to dc components of phase inductance 
also contributes to the 6th position errors as give in (8.41).  
The above analyses on the multiple saliency effects can be verified by FE simulation for 
the different carrier injection methods as shown in Fig. 8.15. All the carrier injection signals 
are set as 600 Hz and fundamental frequency is 2.5 Hz. As mentioned above, the influence of 
inverter nonlinearity effect is eliminated and therefore all the subsidiary harmonics of the 
carrier signals can be attributed to the machine multiple saliencies. From Fig. 8.15, by way of 
example, for the synchronous pulsating injection method with carrier current sensing, the 
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main distortions due to the multiple saliency effect (e.g., the 234th and 246th harmonics) are 
much smaller than those for the anti-rotating pulsating injection method with zero sequence 
voltage sensing. Similarly, for rotating signal injection, the carrier current response also has 
smaller distortions as shown in Fig. 8.15. Therefore, the carrier current sensing based 
methods are less sensitive to the multiple saliencies compared to the zero sequence carrier 
voltage based methods, as verified above.  
 
Fig. 8.14 Spectra of phase inductances for the prototype PM machine. 
 



































iqh-syn. pulsating URN-anti. rotating
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8.3.5 Influence of carrier signal injection on iron and PM losses  
The HF injection based sensorless control methods inevitably cause the parasitic losses 
both in the stator and rotor [YAN12]. Thus, in this part, the iron and PM losses due to HF 
signal injection are investigated and compared for the above different injection methods by 
FE simulation. Accordingly, the FE-predicted losses are shown in Fig. 8.16(a)-(c) and Table 
8.3, under no-load and full-load conditions, respectively. For the simple and quick FE 
simulation, all the carrier injection methods adopt the carrier current injection [YAN12]. The 
HF injection frequency and amplitude for the three methods is all set as 600Hz and 0.5A, and 
the fundamental frequency as 5 Hz. Then, from Fig. 8.16 and Table 8.3, several interesting 
observations can be obtained as follows. 
1) The rotating signal injection has relatively larger PM and iron losses, while the other 
two have similar losses. Since the injection current amplitude on each axis is kept the same, 
the resultant flux density for rotating injection is increased, resulting in increased losses both 
on the stator and rotor [REI11].  
2) Compared to the parasitic losses with no HF signal injection, the PM eddy-current 
losses with HF injection are observed to have the most significant increase, Fig. 8.16(a). This 
is mainly because the spatial fundamental harmonic (in the electrical period) also contributes 
to the PM losses if the HF signal is injected, while at no injection condition, the PM losses 
will not be induced by the spatial fundamental harmonic, which rotates at the same speed 
with rotor [ISH05].  
3) The influence of load on HF losses is also investigated and can be approximately 
evaluated by PHF (PHF =Pinj-Pno_inj, Pinj and Pno_inj are the losses with and without HF injection 
as given in Table 8.3) at different load conditions. By way of example, in Table 8.3, for 
rotating injection, PHF of the stator losses are 55.8 mW at no-load condition, and 39.4 mW at 
full-load. The decrease of losses with load (from 55.8 mW to 39.4 mW) can be explained by 
that the variation of main flux-density harmonics is reduced at full-load (e.g., point ‘a’ in Fig. 
8.17(a)-(b)) due to the magnetic saturation (i.e., reduced relative permeability μ), when the 
HF current with same amplitude is injected (i.e., ΔH is the same, and ΔB=μ·ΔH). The same 
decreasing trend with the load can also be observed for the rotor iron and PM losses, 
irrespective of injection methods, Table 8.3. 
Therefore, from all the above analyses and also the discussions in the previous chapters, the 
comparative results for the different types of carrier injection methods in terms of signal 
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processing delays, magnetic saturation, inverter nonlinearity, and multiple saliency effects, 
etc. are summarized in Table 8.4. Clearly, those comprehensive comparative results can 
provide useful hints for selecting the proper carrier injection strategies according to the 
sensorless control applications. 
Table 8.3 HF Losses for Different Injection Methods 
Losses (mW) Stator iron PM Rotor iron Total 
No inj. 
No-load 309.12 0.37 0.19 309.68 
Full-load 332.98 1.44 0.71 335.13 
Rotating 
No-load 364.96 20.35 0.60 385.90 
Full-load 372.41 18.60 1.03 392.04 
Syn. 
pulsating 
No-load 330.68 12.02 0.40 343.10 
Full-load 347.97 12.29 0.87 361.13 
Anti. rotating 
No-load 336.83 12.48 0.49 349.80 






(a) PM losses 
 
(b) Stator iron losses 
 
 (c) Rotor iron losses 






































(a) Point ‘a’ in the stator tooth 
 
 (b)Spectra of flux density at point ‘a’ 
Fig. 8.17 Spectra of flux density (B) for point ‘a’ in the stator tooth for different injection 






















Table 8.4  Summary of the Comparative Results for Different Carrier Injection Methods 
Sensorless 
Method 
*A *B *C *D 

















Medium Medium Simple Simple 
Signal 
processing delay 
Sensitive Sensitive Insensitive Insensitive 
Accuracy Medium Medium High High 
Bandwidth Medium High Medium High 
Reliability Medium High Medium High 
Cross-coupling Same Same Same Same 
Multiple-
saliency 
Small Medium Small Medium 
Inverter 
nonlinearity 
Sensitive Insensitive Medium Insensitive 
Losses Medium Medium Small Small 
*A-Rotating injection with carrier current sensing, *B-Rotating injection with zero sequence 
voltage sensing, *C-Synchronous pulsating injection with carrier current sensing, *D-Anti-




This chapter has compared three different carrier signal injection methods with alternative 
sensing signals for the sensorless control of PMSMs. FE simulation and experiments have 
been carried out to verify the theoretical analyses, and the main conclusions can be obtained 
as follows. 
1) The synchronous pulsating signal injection with carrier current sensing and anti-
rotating pulsating injection with zero sequence carrier voltage sensing are insensitive to 
signal processing delays, while other types of methods shows the more sensitivity. 
2) The magnetic saturation is observed to have similar effects on carrier responses for 
different injection methods, and the cross coupling saturation effects cause the same position 
estimation error regardless of injection and sensing types. 
3) The saliency ratio and the inherent characteristics of semiconductor devices 
significantly influence the inverter nonlinearity effects on different carrier injection strategies 
with alternative sensing types, and generally the zero sequence voltage sensing based 
methods are less sensitive to the inverter nonlinearity effects. 
4) Machine multiple saliencies have more influence on zero sequence carrier voltage 
sensing based methods than the carrier current sensing methods.  
5) The rotating signal injection has relatively larger total iron and PM losses. The PM 
losses are observed to be the most sensitive to the HF injection. Besides, the increase of load 




9 General Conclusions and Future Work 
In this thesis, the carrier signal injection methods are investigated for the sensorless control 
of permanent magnet synchronous machines (PMSMs), utilising alternative types of carrier 
responses, i.e., the carrier current and zero sequence carrier voltage. 
For the carrier current sensing based carrier injection methods, mainly two aspects of 
research work have been in focus. One is to investigate the combined effects of signal 
processing delays and HF resistance effects, while the other the influence of machine 
parameter asymmetry on the sensorless control. It is found that at higher injection frequency, 
the synthesis of signal processing delays and HF resistance effects can give rise to large 
position errors, especially for the pulsating signal injection in the estimated synchronous 
reference frame. As to the influence of machine parameter asymmetry, it is found that the 2nd 
harmonic position estimation errors arise irrespective of carrier injection methods. 
Accordingly, the position error compensation strategies are also proposed to suppress the 
above detrimental effects. 
For the zero sequence carrier voltage sensing based carrier injection methods, firstly, a 
novel sinusoidal-wave signal injection strategy (i.e., the anti-rotating pulsating injection) is 
proposed utilising the synergies of both zero sequence voltage sensing and pulsating injection. 
It is shown that the proposed injection strategy has the advantages of simple signal 
demodulation, high accuracy, fast dynamic response, high bandwidth and stability. Then, the 
anti-rotating injection strategy is further applied for the square-wave signal injection to 
combine the merits of both square-wave injection and zero sequence voltage sensing, which 
also has shown great capability for rotor position estimation. The magnetic polarity detection 
using the zero sequence voltage responses is also studied. It is found that for the amplitude 
variation based detection method, the zero sequence voltage response has much higher 
detection sensitivity. Besides, for the secondary harmonic based detection method, it is also 
found that the zero sequence voltage response has the advantages of simple signal 
demodulation, fast response, and large S/N ratio. Considering that the secondary harmonics 
of the zero sequence carrier voltage contain the real magnetic polarity information and have 
less distortion, they are directly utilised for the rotor position estimation for the PM machines. 
It is shown that the secondary harmonic based position estimation strategy not only removes 
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the time-consuming process of polarity detection, it also enhances the estimation robustness 
and stability. 
The full comparisons for the carrier signal injection methods considering alternative carrier 
responses (carrier current and zero sequence carrier voltage) are also presented, in terms of 
signal processing delays, magnetic saturation effects, inverter nonlinearity effects, multiple 
saliency effects, etc. The comparative results can provide more physical understandings about 
how the carrier injection method works and how it is affected by the nonlinear behaviours of 
the PM machine or the inverter. 
9.1 Carrier Current Sensing Based Sensorless Control 
9.1.1 Analysis of signal processing delays and HF resistance effect 
For carrier current sensing based carrier signal injection methods, in the case of high 
precision A/D converter, higher injection frequency (>1/10 PWM switching frequency) can 
be adopted. Accordingly, the filters for signal separation can be selected weaker, leading to 
enhanced system bandwidths. However, at the same time, the signal processing delay effects 
(e.g., PWM duty ratio updating delay, etc.) become prominent, and the high frequency (HF) 
resistance effects may also be enlarged. Consequently, for the pulsating signal injection 
method, it is shown that the position estimation errors become unacceptable due to the 
combined effects of signal processing delays and HF resistance. In order to suppress the 
undesirable position errors, in this thesis, a new compensation strategy with a PI regulator is 
proposed. For the proposed strategy, by modifying the phase angle of the demodulation 
signal, the amplitude of the useful inductive saliency part is significantly increased while the 
HF resistance part is suppressed, leading to significantly enhanced position estimation 
performances. The similar compensation strategy is also applied for the rotating signal 
injection method, which also shows great compensation effectiveness.  
9.1.2 Analysis of machine parameter asymmetry effects 
The parameter asymmetries of PM machines are frequently present in the practical 
applications and may come from the poor mechanical manufacturing, machine eccentricity, 
stator winding, etc. The influence of machine parameter asymmetries on the carrier signal 
injection based rotor position estimation is also investigated in this thesis. It is found that with 
either phase resistance or inductance asymmetry, the 2nd harmonic position errors arise 
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regardless of carrier injection methods. It is also found that for the traditional two carrier 
signal injection methods (i.e., the rotating injection and synchronous pulsating injection), the 
2nd harmonic errors are different for resistance asymmetry but the same for inductance 
asymmetry. In order to suppress the position errors for resistance asymmetry, the guidelines 
for the injection frequency selection are derived. For inductance asymmetry, a new online 
compensation strategy with dual frequency injection is also presented in this thesis. These 
compensation strategies all have shown great effectiveness as verified experimentally. 
9.2 Zero Sequence Carrier Voltage Sensing Based Sensorless Control 
9.2.1 Anti-rotating sinusoidal-wave signal injection 
The zero sequence carrier voltage response for carrier signal injection methods is shown to 
have the advantages of less injection distortions, enhanced estimation bandwidth and stability, 
etc. However, the conventional zero sequence voltage response is phase-modulated by 
machine saliency, easily resulting in the position estimation errors. To combine the merits of 
zero sequence method with the amplitude-modulation technique, a novel anti-rotating signal 
injection strategy is proposed in this thesis. This injection strategy is performed on the 
estimated reference frame, anti-rotating at twice the rotor’s estimated electrical speed. It is 
shown that compared to the conventional zero sequence voltage method, the proposed 
strategy is easier for signal processing and less sensitive to signal processing delays because 
it is amplitude-modulated by saliency position and the phase shifts due to signal processing 
delays are intrinsically cancelled. Therefore, the proposed method perfectly combines the 
synergies of the zero sequence method (i.e., high bandwidth and stability) and the amplitude-
modulation technique (i.e., increased accuracy), and shows great rotor position estimation 
performances. The comparison of the conventional and proposed carrier signal injection 




Table 9.1 Comparative Results of Zero Sequence Voltage Sensing Based Sinusoidal-Wave 
























Carrier response Phase-modulated Amplitude-modulated Amplitude-modulated 
Signal 
demodulation 
Medium Complex Simple 
Signal processing 
delay 
Sensitive Sensitive Insensitive 
Cross-coupling Same Same Same 
Accuracy Medium Low High 
9.2.2 Anti-rotating square-wave signal injection 
The anti-rotating signal injection strategy is further applied for the square-wave signal 
injection in this thesis. It is found that the anti-rotating square-wave injection with zero 
sequence voltage sensing has two main advantages: 
 The carrier response amplitude is not related to the injection frequency, i.e., higher 





























 The carrier response does not need signal differentiation processing, which significantly 
simplifies the signal demodulation process and increases the position estimation 
robustness.  
Hence, the synergies of the square-wave injection and zero sequence voltage sensing have 
been perfectly combined with the anti-rotating signal injection strategy. The comparison 
results of the conventional and proposed square-wave injection methods with different 
sensing responses are shown in Table 9.2. 











Reference frame Estimated synchronous Estimated anti-rotating 
Sensing response Carrier current Zero sequence carrier voltage 
Carrier response Amplitude-modulated Amplitude-modulated 
Signal demodulation Complex Simple 
Injection voltage High Medium 
Robustness Medium High 
Cross-coupling Same Same 






















9.2.3 Initial rotor position estimation and magnetic polarity identification 
The initial rotor position estimation and magnetic polarity identification using the zero 
sequence carrier voltage response is also investigated in this thesis. Two types of the polarity 
detection methods, i.e., the amplitude variation based method and the secondary harmonic 
based method, have been investigated, respectively. It is found that the amplitude variation 
method using the zero sequence voltage has higher detection sensitivity compared to the 
conventional method using the carrier current. Besides, for rotating signal injection, the 
secondary harmonic based detection method using the zero sequence voltage has the 
advantage of simple signal demodulation, fast response, and moreover has large signal 
amplitude and less distortion compared to the conventional secondary carrier current 
harmonics. However, the secondary harmonics of the zero sequence carrier voltage cannot be 
applied for the anti-rotating signal injection method since two dominant secondary harmonics 
exist and could severely deteriorate the polarity identification at different rotor positions. In 
addition, it is also shown that the zero sequence voltage responses cannot be applied for the 
polarity detection of the conventional pulsating injection method performed in the estimated 
synchronous reference frame. The magnetic polarity detection strategies for the different 
carrier signal injection methods are also summarized in Table 9.3. 
9.2.4 Rotor position estimation without the need of magnetic polarity detection 
For the carrier signal injection methods exploiting the inherent 2nd harmonic saliencies, the 
estimated rotor position has the angle ambiguity of π, due to the lack of magnetic polarity 
information in these saliencies. Accordingly, in this thesis, the modulated HF saliency 
containing the real magnetic polarity information is utilised for rotor position estimation. It is 
found that the carrier responses (i.e., the secondary harmonics) from the interaction between 
the HF field and the HF saliency can be used for the actual rotor position estimation without 
any ambiguity of machine polarity. It is also found that the secondary harmonics of the zero 
sequence voltage response demonstrate better position estimation performances than those of 
carrier current. In summary, the modulated HF saliency based position estimation method has 
the advantages of 
 The magnetic polarity ambiguity is totally eliminated, and thus the time-consuming 
process for the magnetic polarity identification is removed. 
221 
 
 The estimation robustness and stability is significantly enhanced, due to that the 
estimated position will converge at one rotor position only. 
9.3 Comparison of Different Carrier Signal Injection Methods 
The different carrier signal injection methods with either carrier current or zero sequence 
voltage sensing are also compared in this thesis. The existing comparison efforts primarily 
focused on the two injection methods, i.e., the rotating injection and synchronous pulsating 
injection. Therefore, the contribution for the comparative research work in this thesis is that 
the systematic comparisons between three injection methods (i.e., the two existing injection 
methods plus the proposed anti-rotating pulsating injection method) have been performed. 
The comparison results on the inverter nonlinearity, cross-coupling saturation, multiple 
saliency, etc., provide better physical understandings about how the carrier injection method 
works and how it is affected by the nonlinear behaviours of the PM machine or inverter. 
Moreover, those comprehensive comparative results can provide useful hints for selecting the 
proper carrier injection strategies according to the sensorless control applications. The 
comparative results in terms of signal processing delays, magnetic saturation, inverter 
nonlinearity, multiple saliency, initial rotor position estimation, and etc., are all summarized 




Table 9.3  Comparison for Different Carrier Injection Methods with Alternative Carrier 
Responses 
Sensorless Method *A *B *C *D 















Signal demodulation  Medium Medium Simple Simple 
Signal processing delay Sensitive Sensitive Insensitive Insensitive 
Cross-coupling Same Same Same Same 
Multiple-saliency Small Medium Small Medium 
Inverter nonlinearity Sensitive Insensitive Medium Insensitive 
Losses Medium Medium Small Small 
Accuracy Medium Medium High High 
Bandwidth Medium High Medium High 
Stability Medium High Medium High 
Amplitude variation based 




















without polarity ambiguity  
Degraded Good Not possible Not possible 
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*A-Rotating injection with carrier current sensing, *B-Rotating injection with zero sequence 
voltage sensing, *C-Synchronous pulsating injection with carrier current sensing, *D-Anti-
rotating pulsating injection with zero sequence voltage sensing. 
9.4 Future Work: Machine Design for Sensorless Performance Enhancement 
From the research work in this thesis, the sensorless control performances are inevitably 
affected by the nonlinear behaviours of the PM machines. Thus, it requires the PM machine 
to be properly designed for improved position estimation performances. Specifically, when 
designing the PM machine for sensorless control, the targets, e.g., how to increase the 
machine saliency, how to reduce the cross-coupling magnetic saturation effect, how to 
suppress the multiple saliency effect, etc., should be comprehensively considered. It should 
be noted that these design targets may conflict with each other. By way of example, by 
incorporating the air flux-barrier in the spoke-type IPM machine, the d- and q-axis cross-
coupling saturation effect can be effectively reduced. However, the saliency ratio may be also 
reduced at the same time, affecting the S/N ratio of the carrier responses used for position 
estimation. Clearly, there will be a lot of research work to investigate for the sensorless 
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